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Escalating Threat of Wheat Rusts 


LAST MONTH, NEARLY 600 SCIENTISTS FROM MORE THAN 80 COUNTRIES CONVENED IN ST. PETERSBURG, 
Russia, at the International Wheat Conference to discuss the world’s most widely planted 
crop. This came on the heels of a Borlaug Global Rust Initiative (BGRI) workshop that 
focused on the rapidly spreading fungal diseases known as wheat rusts, which are causing 
epidemics that require urgent action. If we are to prevent devastating crop losses, nations 
must coordinate to enact short-term solutions; they must also expand long-term efforts in 
research, plant breeding, and surveillance. 

In the 1940s, American agronomist Norman Borlaug led the charge against wheat stem 
rust that threatened farmers in Mexico. By breeding new plant varieties to resist the caus- 
ative pathogens, he spurred a Green Revolution that has held this worldwide threat in check 
since the 1970s. But in 1999, a virulent fungal strain (Ug99) was detected in Africa, mak- 
ing most commercial wheat varieties around the world vulnerable to 
stem rust once again.* While the world remains in fear of stem rust, 
large-scale epidemics caused by new virulent and aggressive strains 
of yellow rust fungus (also known as stripe rust) now pose a severe 
threat to the world’s wheat supply. Since 2000, the United States and 
Australia have faced severe yellow rust epidemics. Even more alarm- 
ing, last year yellow rust devastated major wheat-producing areas in 
China, northern and eastern Africa, western and central Asia, and 
the Middle East. The presence of two virulent and highly aggressive 
yellow rust strains (PstS1 and PstS2) at high frequencies at epidemic 
sites on five continents (including Europe) may represent the most 
rapid and expansive spread ever of an important crop pathogen. This 
epidemic trend may continue because the aggressive strains, which 
can tolerate higher temperatures, are still evolving. 

Short-term responses to ongoing rust epidemics are limited to fungi- 
cide sprays, which may be unaffordable or unavailable in poor countries. Rapid replacement 
of the wheat most susceptible to rust with locally adapted, resistant, or less susceptible variet- 
ies is needed to slow down future spread. Any sustainable solution must involve political com- 
mitment; increased and coordinated international surveillance and monitoring; breeding for 
durable rust resistance; seed multiplication; and training of pathologists, breeders, and new 
young scientists. Fundamental research covering rust biology and epidemiology, evolution- 
ary genetics, and rust-wheat interactions will also be required. For stem rust, such coordinated 
efforts have been successfully established by the BGRI and the Food and Agriculture Organi- 
zation of the United Nations, which last month launched the Rust SPORE Web portal to track 
the advance of Ug99.+ However, similar combined efforts are lacking for yellow rust, and the 
creation of an analogous reaction force will require substantial financial support. 

The recent agreement by the BGRI Executive Committee and international experts at the 
St. Petersburg meeting to establish a Global Rust Reference Center (GRRC) that targets all 
wheat rust fungi would unify and intensify wheat rust surveillance and training. A first step 
was taken last year, when the International Center for Agricultural Research in Dry Areas 
(ICARDA), the International Maize and Wheat Improvement Center (CIMMYT), and Aarhus 
University (Denmark) launched a facility to target yellow rust. The GRRC will complement 
existing surveillance efforts by CIMMYT, ICARDA, and national rust diagnostic laboratories 
and maintain a wheat rust gene bank to support resistance breeding and research. The burn- 
ing question, however, is whether policy-makers in wheat-growing countries will provide the 
sustained support needed for national and international institutions to prepare for future chal- 
lenges by the wheat rusts. Borlaug used to say, “Rust never sleeps.” Events of recent years 
show how right he was. 

— Mogens Stevring Hovmeller, Stephanie Walter, Annemarie Fejer Justesen 


10.1126/science.1194925 


*E. Stokstad, Science 324, 710 (2009). +www.fao.org/agriculture/crops/rust/stem/en/. 
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At Last, Vaginal Gel Scores 
Victory Against HIV 


Goooooal! While South Africa was in the 
spotlight for hosting the World Cup games, 
its AIDS researchers were quietly preparing 
for an announcement of a major milestone in 
their field: For the first time ever, a vaginal gel 
has unequivocally blocked the transmission 
of HIV. 

In a trial that involved nearly 900 South 
African women, those who received a vagi- 
nal gel that contains an anti-HIV drug had a 
39% lower chance of becoming infected by 
the virus than those who received a placebo. 
“Tt is the first time any biological intervention 
against HIV-1 transmission has ever shown 
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convincing efficacy in a large trial,” says John 
Moore, who studies similar vaginal microbi- 
cides at the Weill Cornell Medical College 
in New York City. “It’s a clear-cut result with 
obvious protection at a meaningful level.” 
More than 30 randomized, controlled stud- 
ies of microbicides, vaccines, and drugs to 
date have failed to thwart sexual transmission 
of HIV or have yielded such marginal success 
that researchers wound up hotly debating the 
data for years after the trials were complete. 
But there’s no ambiguity about the data from 
this new microbicide study reported online 
in Science this week (www.sciencemag.org/ 
cgi/content/abstract/science. 1193748) 
and in a presentation at the 18th Inter- 
national AIDS Conference in Vienna: 
Of the 444 women who received a 
placebo gel, 60 became infected with 
HIV versus 38 infections in the 445 
women who received the microbicide. 
The result was statistically significant, 
and no serious side effects occurred. 
“Tt’s a moment we’ve been waiting for 
2 decades,” says epidemiologist Quar- 
raisha Abdool Karim, who, with her 
husband, Salim Abdool Karim, headed 
the study, known as CAPRISA 004. 
The study began in May 2007 
and enrolled sexually active women 
between the ages of 18 and 40 who 
attended clinics in KwaZulu-Natal, 
South Africa, an area 
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the women to receive either an inert gel or 
the gel mixed with the anti-HIV drug tenofo- 
vir for 30 months. Participants were asked to 
insert the gel within 12 hours before and after 
having sex. They were also provided with 
condoms and HIV-prevention counseling. 

The women reported their sexual activ- 
ity each month, and the researchers also col- 
lected used gel applicators—181,340 to be 
exact—to monitor adherence. On average, 
women used the gel as advised nearly three- 
fourths of the time. Subset analyses showed, 
as expected, that the women who used the 
gel most frequently had the most protec- 
tion: In a group of 336 “high adherers” who 
used the gel as advised more than 80% of the 
time, the reduction in risk of infection over 
30 months jumped from the 39% found in the 
entire group to 54%. In the group that used 
the gel less than half the time, the risk reduc- 
tion plummeted to 28%. The study also found 
that adherence dropped over time; among 
the entire group, the gel reduced the risk of 
infection by 50% over the first 12 months 
versus 39% over 30 months. “Task number 
one is better adherence,” says Salim Abdool 
Karim, also an epidemiologist and the head of 
the Durban, South Africa—based CAPRISA, 
which stands for Centre for the AIDS Pro- 
gramme of Research in South Africa. 

Both the CAPRISA investigators and 
other researchers who were not involved with 
the study stress that these results do not mean 
that a tenofovir microbicide gel is ready for 
market. “It’s a really exciting first step,” says 
Sharon Hillier, a reproductive specialist at 
the University of Pittsburgh in Pennsylvania, 
who heads the Microbicide Trials Network 
sponsored by the U.S. National Institutes of 
Health. Earlier microbicide studies had all 
used compounds that attacked HIV nonspe- 
cifically, using surfactants and the like, she 
notes. “We got a proof of concept: Topically 
applied antiretrovirals can interrupt HIV in 
women. Is it good enough? Absolutely not. 
We want to see something more effective.” 
Hillier and others also say they would like to 
see the CAPRISA 004 results confirmed in a 
second study. 

Hillier is heading just such a trial. Called 
Vaginal and Oral Interventions to Control 
the Epidemic (VOICE), the study is com- 
paring two types of pre-exposure prophy- 
laxis: daily vaginal application of a tenofovir 
gel and oral administration of an anti-HIV 
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drug. (It is testing both tenofovir and a sister 
compound, Truvada.) VOICE, begun in Sep- 
tember 2009, is expected to run for 4 years 
and enroll 5000 women in South Africa 
(the Abdool Karims are collaborators) and 
three other countries in southern Africa. 
“Tt’s going to be important to have data from 
more than that very high incidence single 
site, and it’s important to see if we can do 
better with more frequent dosing of the gel,” 
says Hillier. Other microbicide researchers 


DRUG SAFETY 
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are exploring what they believe are more 
potent anti-HIV drugs than tenofovir and 
simpler delivery methods like vaginal rings 
that periodically secrete the compounds. 
Even if oral pre-exposure prophylaxis 
works, many researchers believe a micro- 
bicide gel could have many benefits for 
women. For one, only minimal amounts of 
the drug make it to the blood system, reduc- 
ing the risk of side effects. Salim Abdool 
Karim further stresses that prevention strat- 
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egies, just like contraception options, are not 
one size fits all. 

The next step for the CAPRISA research- 
ers is to analyze why some women who 
received the tenofovir gel still became 
infected. “What undermined tenofovir’s abil- 
ity to protect some of those women?” asks 
Salim Abdool Karim. “We need to go back 
into the lab and understand why we didn’t 
see a better effect to find potential avenues 
to try and do better.” -JON COHEN 


Planned Study of Avandia in Doubt After FDA Review 


Since 2007, controversy has swirled around 
whether the glucose-lowering drug Avandia 
increases the risk of heart attacks in diabetes 
patients. The effect, if real, is modest at most. 
And last week, a committee of 33 top diabetes 
experts reviewing whether the Food and Drug 
Administration (FDA) should pull Avandia 
from the U.S. market couldn’t render a clear 
verdict, either. Twelve voted to withdraw the 
drug; 10 said that its use should be restricted; 
and the remainder wanted it to stay on the 
market, but perhaps with more warnings. 

That decision, which left consumers and 
doctors hanging, also left a lingering scien- 
tific question: What should happen to a study, 
called TIDE, that compares Avandia and a 
competing drug, Actos? The double-blind, 
randomized study, which got under way last 
year, is supposed to provide what earlier, 
lower-quality studies don’t: a clear assess- 
ment of Avandia. The drug’s manufacturer, 
GlaxoSmithKline, supported a large, recent 
study that found no increased heart-attack 
risk. But this study, called RECORD, was 
not blinded, and scientists at the FDA hearing 
impugned both RECORD’s quality and integ- 
rity. TIDE, which is meant to enroll 16,000 
diabetes patients in 39 countries in a 6-year 
study, was designed to remedy the problem. 
But now it is running into trouble itself. 

The principal investigator, Hertzel 
Gerstein, a doctor at the Population Health 
Research Institute at McMaster University 
in Hamilton, Canada, explains the challenge. 
Some studies suggest that Avandia reduces 
cardiovascular disease, and others suggest 
that the drug increases the risk. “If you listen 
to much of the evidence,” he adds, “the answer 
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is very simple: We don’t know.” (Glaxo, a 
TIDE sponsor, approached Gerstein about 
doing TIDE and still provides input. But 
Gerstein’s team collects the data and controls 
the analysis.) Twenty scientists on the FDA 
committee agreed with Gerstein, includ- 
ing Morris Schambelan, a doctor at the Uni- 
versity of California, San Francesco. “Most 
of the people felt that, if the drug did stay 
on the market, we need more safety data,” 
Schambelan says—data TIDE could provide. 

But a dozen other members heard the 
same evidence and voted to kill TIDE 
because they saw it as either flawed or com- 
ing too late. One concern is about informed 
consent. Studies show that Actos, which has 
been on the market since 1999, provides the 
benefits of Avandia without the same risk— 
one reason that a few members said they felt 
comfortable voting to pull Avandia. But if 
Actos is benign, some scientists argued that 
TIDE amounts to a test of whether Avan- 
dia harms people—a dubious proposition. 
Ruth Day, who does research at the Medi- 
cal Cognition Laboratory at Duke Univer- 
sity in Durham, North Carolina, on how well 
people grasp informed-consent documents, 
said, “I do not believe that any participants 
in the study as currently set up will under- 
stand what they’re getting into.” 

Another concern cited by FDA advisers is 
timing. William Knowler, a diabetes epide- 
miologist with the National Institute of Dia- 
betes and Digestive and Kidney Diseases, 
said at the hearing, “Although I'd like to have 
the results of the TIDE study, I think at this 
point it’s not ethical to wait another 5 or 10 or 
whatever years it takes to get that and leave 
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A bit late? Some say it would be unethical to recruit 
patients for a new study of Avandia. 


the drug on the market.” And that assumes 
that TIDE can sign up enough patients. So far, 
TIDE has enrolled 1120 people—less than 
one-tenth of the goal—in 23 countries. 

Gerstein acknowledges that it could be 
difficult to complete TIDE if FDA pulls 
Avandia. India recently asked Glaxo to sus- 
pend TIDE in India pending FDA’s decision. 
A Glaxo spokesperson said TIDE is moy- 
ing ahead as planned. FDA declined to com- 
ment on when it might decide Avandia’s fate. 
Regardless, worldwide sales of Avandia have 
already dropped by 56% since 2006. 

Drug experts are being pulled in oppo- 
site directions by the Avandia case. Medi- 
cine’s imperative—first, do no harm—may 
be at odds with the scientific tenet: When in 
doubt, collect more data. As FDA ponders 
what to do, it has issued a mandate designed 
to avoid similar messes in the future: All new 
glucose-lowering drugs must be tested in 
large, postmarket studies for cardiovascular 
risk. But that doesn’t help clear up the status of 
Avandia—and it may not save TIDE. 

-SAM KEAN 
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UNDERGRADUATE EDUCATION 


NSF Misfires on Plan to Revamp Minority Programs 


Everybody agrees that U.S. colleges and 
universities need to prepare more minority 
students to enter careers in science and engi- 
neering. But almost nobody likes a new plan 
by the National Science Foundation (NSF) 
to fold three programs aimed at achieving 
that goal into a still-to-be-defined initia- 
tive. Scientists and university administrators 
involved in the programs are up in arms, and 
Congress is telling NSF to go back to the 
drawing board. 

NSF currently spends $90 million a 
year on three efforts tailored to institutions 
that serve African Americans and Ameri- 
can Indians: the Louis Stokes Alliance for 
Minority Participation (LSAMP), the His- 
torically Black Colleges and Universities 
Undergraduate Program, and the Tribal Col- 
leges and University Program. Last year, a 
U.S. House of Representatives spending 
panel told NSF to design a fourth program 
specifically for the nation’s Hispanic popu- 
lation, the nation’s largest underrepresented 
minority. That step could quadruple the pool 
of eligible minority-serving institutions. 
At the same time, as part of a larger cam- 
paign to eliminate redundancy in govern- 
ment, budget officials in the Obama Admin- 
istration began urging NSF to streamline its 
stable of programs aimed at increasing the 
participation of underrepresented minorities 
in so-called STEM (science, 
technology, engineering, and 
mathematics) fields. 

In an attempt to resolve 
the conflicting guidance, NSF 
requested a bit more money— 
$103 million—in its 2011 bud- 
get for a new initiative that it 
awkwardly labeled Comprehen- 
sive Broadening Participation 
of Undergraduates in STEM. 
“We felt we had reached a pla- 
teau in college graduation rates, 
in Ph.D. production, and in 
transition to the professoriate,” 
says James Wyche, who headed 
the NSF division that runs the 
three minority programs before 
becoming provost of Howard 
University in Washington, D.C., 
earlier this year. “So the ques- 
tion was, do you stay the course 
or look for something else?” 

The specific suggestion to 
combine programs came from 
the White House, he adds. 


Overflowing. NSF 
wants to combine three 
long-running programs 
into one new initia- 
tive that would serve 
all underrepresented 
minority students. 


“OMB [The Office of Management and 
Budget] encouraged us to think about a pro- 
gram that would consolidate what we were 
doing to broaden participation among the 
targeted groups, something that would use 
the best practices from each one.” 

The bare-bones budget announce- 
ment, unveiled in February, didn’t provide 
any details. In May, NSF issued a 5-page 
concept paper (http://www.nsf.gov/od/ 
broadeningparticipation/bp.jsp) that declared 
the existing programs “should serve as a 
foundation for a new approach,” meaning 
they would be dissolved. It also said that 
Hispanic-serving institutions, a poorly defined 
term for schools at which Hispanic students 
constitute a significant share of the overall 
enrollment, would be invited to seek funding. 
Major research universities, now partners 
in some existing projects run by minority- 
serving institutions, would be eligible to apply 
directly to NSF as the lead institution. 

Although the paper asks for advice on 
how to proceed, the community had heard 
enough to ring the alarm. For openers, say 
critics, the three programs are working: 
Outside evaluations confirm that they are 
attracting and graduating 
more minority students. 
The programs have also 
developed an approach 
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that can be scaled up. So university admin- 
istrators say they don’t understand why NSF 
would want to dilute them. 

Opponents of the NSF plan also attacked 
the inclusion of the nation’s top research uni- 
versities. That change would not only open 
the door to institutions with a poor track 
record of training minorities in science and 
engineering fields, they said, but also give 
those schools an advantage because of their 
vastly superior resources. Finally, critics 
complained, NSF hadn’t offered any evi- 
dence that a different approach to training 
minority scientists would work better. 

Last month, the 42 consortia in the 
LSAMP program told NSF they strongly 
oppose the changes. Stephen Cox, provost 
of Drexel University in Philadelphia, Penn- 
sylvania, and director of a project involv- 
ing nine local and regional institutions, says 
he also wonders why NSF has put the bur- 
den for broadening participation in science 
on these three, relatively tiny, programs. 
“Rather than squeezing more blood from 
this stone,” Cox said, “why doesn’t NSF get 
some more stones?” 

Congress doesn’t care much for NSF’s 
new idea, either. This spring, the House of 
Representatives, as part of its reauthorization 
of the America COMPETES Act that covers 
NSF's research and education activities (H.R. 
5116), told NSF to keep the three programs 
intact in 2011 and submit a report “clarifying 
the objectives and rationale for such changes” 
before heading off in a new direction. “It’s 
something they had not discussed with us,” 
says Representative Eddie Bernice Johnson 
(D-TX), a senior member of the House sci- 
ence committee, who crafted the language 
on the minority programs. “I think they need 
to discuss it with stakeholders, who told me 
that it seems like a way to cut a lot of money 
from these programs.” A Senate version of 
the reauthorization bill introduced last week 
(S. 3605) would also preserve the programs, 
and a House spending bill for 2011 likewise 
tells NSF to keep funding them. 

NSF appears to be rethinking its strategy. 
Joan Ferrini-Mundy, acting head of NSF’s 
education directorate, which oversees these 
programs, says NSF is looking hard “at what 
a transition would actually look like. A lot is 
still on the table.” She also notes that “broad- 
ening participation is an NSF-wide commit- 
ment” and that any final plan is likely to 
involve the agency’s six research director- 
ates as well. —-JEFFREY MERVIS 
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RARE-EARTH ELEMENTS 


Chinese Policies Could Pinch U.S. 
Efforts to Make Electric Vehicles 


Last week, President Barack Obama high- 
lighted his commitment to clean-energy 
jobs by visiting the last of nine battery- 
manufacturing plants to be funded from last 
year’s massive economic stimulus package. 
Speaking at a groundbreaking ceremony 
for a Holland, Michigan, company that 
will build lithium-ion batteries for future 
electric cars and gas-electric hybrids such 
as the Chevy Volt, Obama declared that the 
plant “is a symbol of where 
Michigan is going, ... of 
where Holland is going, ... 
of where America is going.” 

That is, unless it runs into a 
Chinese brick wall. 

This month, China an- 
nounced that it will cut 
exports this year of rare-earth 
elements (REE) by 40%, leav- 
ing demand outside China 
exceeding the supply for the 
first time ever. Combined 
with Chinese export tariffs of 
10% to 25%, the policy could 
ground fledgling efforts to 
build clean-energy industries 
in the United States and other Western coun- 
tries. “It will just be untenable to compete” 
with companies based in China, says Jeffrey 
Green, president of J. A. Green and Co., a 
government-relations firm in Washington, 
D.C., specializing in rare earths. 

China currently produces more than 97% 
of all rare earths, a group of 17 elements con- 
sisting of scandium, yttrium, and the 15 lan- 
thanides. They are vital for a host of elec- 
tronics and green-energy technologies, and 
their use is expected to triple between 2000 
and 2014, topping 200,000 metric tons. But 
despite rising global demand, China has 
focused increasingly on domestic needs. 

In response, the United States and other 
countries are gearing up for production. 
Molycorp Minerals in Greenwood Vil- 
lage, Colorado, for example, is expected to 
reopen its mine in Mountain Pass, Califor- 
nia, in 2012. But that mine’s annual output 
of 20,000 metric tons a year won’t fill the 
gap left by lower Chinese exports. 

That gap could spell trouble for the Obama 
Administration’s plans to develop electric 
vehicles. In recent years, the U.S. Depart- 
ment of Energy (DOE) has spent roughly 


S- 


$5 billion on projects to promote electric- 
vehicle technologies, including nine battery- 
manufacturing plants and 11 electric drive 
component—manufacturing facilities. Last 
week, DOE said that by 2015 these invest- 
ments would give the country the capacity to 
produce up to 40% of all advanced batteries 
manufactured globally for electric vehicles. 
Last year, the U.S. share was 2%. 

Most of the new advanced batteries are 
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Road bump? President Obama’s efforts to promote electric-vehicle 
production may be stymied by getting access to rare-earth elements. 


slated to be lithium-ion batteries, which do 
not require rare earths from China. Even 
so, lithium is mined in only a few countries, 
which has also prompted concerns about sup- 
ply shortages. And current hybrid-car batter- 
ies typically include more than 10 kilograms 
of lanthanum, the lightest of the rare earths. 

Although one of the most abundant 
rare earths, lanthanum could be hardest hit 
by China’s new export controls, which cap 
overall exports. Observers worry that com- 
panies, to increase profits, may try to export 
more high-value REEs, such as dysprosium 
and terbium, and drastically reduce lower- 
value elements such as lanthanum. That 
change, in turn, could result in price hikes 
for some elements. 

To counter the advantages enjoyed by 
Chinese companies, U.S. companies that 
make magnets and other high-tech compo- 
nents want Congress to set up loan guaran- 
tees to back domestic mining, processing, 
refining, purification, and metals production 
of rare earths. Bills have been introduced in 
both houses, but no action is expected in the 
current session. 

—ROBERT F. SERVICE 


NEWS OF THE WEEK E. 


Science|lnsider 


From the Science 
Policy Blog 


Climate scientist and activist Stephen 
Schneider, 65, died 19 July of an appar- 
ent heart attack. His death ends a nearly 
40-year career doing climate science, 
assessing climate science for policymakers, 
explaining it articulately to the public, and 
defending it energetically against skeptics. 
http://bit.ly/stephen-schneider 


A spending panel in the U.S. House of Repre- 
sentatives voted to give DOE’s Office of Sci- 
ence next year only what it received this year, 
erasing a $221 million increase requested 

by the Obama Administration. The National 
Institutes of Health did a bit better from 

a sister panel, receiving its full request: a 

$1 billion bump from its current $31 billion 
budget. http://bit.ly/2011DOE-mark 


A federal judge has dismissed charges 
against four animal-rights activists 
accused of harassing researchers at two Uni- 
versity of California campuses in 2007 and 
2008. But prosecutors could file new charges. 
http://bit.ly/charges-dismissed 


A provocative new analysis suggests that 
illegal logging has declined 22% world- 
wide since 2002, thanks to stricter gov- 
ernment policies and enforcement. Some 
experts are skeptical of its conclusions, 
however. http://bit.ly/less-logging 


More than 2200 Russian researchers have 
petitioned the government asking it to 
consult with the scientific community 
when making major science-policy decisions. 
http://bit.ly/russian-letter 


The Royal Society and the British Academy 
have strongly warned the British government 
that looming cuts to science funding could 
be “irreversibly catastrophic for the future of 
U.K. science and economic growth.” 
http://bit.ly/ukbudget-advice 


A committee of the National Research Coun- 
cil has provided the latest and most quan- 
titative estimates yet of how the coming 
global warming could affect the world. 
The picture hasn't gotten any prettier. 
http://bit.ly/climate-stabilization 


For more science policy news, visit 
news.sciencemag.org/scienceinsider. 
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CONSERVATION BIOLOGY 


Last Stand on the Yangtze 


SHISHOU, CHINA—A hundred meters or so 
off the bow of our motorboat, a dark shape 
breaks the surface and quickly vanishes. 
Was it a trick of the light? Heavy rains have 
washed nutrients into the lake, turning the 
usually clearer waters emerald green. A few 
minutes pass, then ecologist Xie Songguang, 
perched like a coxswain, points off starboard 
and cries: “Over there!” The earlier sighting 
was no mirage: Two more glistening humps 
slice through the waves. 

The Yangtze finless porpoises in Tian-E- 
Zhou Oxbow Nature Reserve, near the town 
of Shishou, dare not approach; too many of 
their kind have perished in encounters with 
humans. The world’s only freshwater por- 
poise is down to fewer than 1800 individu- 
als, less than half the estimated population a 
decade ago. A few dozen porpoises live under 
the watchful gaze of rangers in Tian-E-Zhou, 
an oxbow lake that once was a 21-kilometer- 
long section of the Yangtze River. But time is 
running out: Unless threats to its survival are 
met head on, the porpoise could be gone in 
15 years, says Wang Ding, an ecologist at the 
Institute of Hydrobiology (IHB) in Wuhan. 

The finless porpoise is an icon of an eco- 
system under siege. The Yangtze, the world’s 
third longest river, faces manifold threats, 
including overfishing, heavy boat traffic, and 
habitat fragmentation due to hydropower 
projects such as the mammoth Three Gorges 
Dam (Science, 1 August 2008, p. 628). Two 
charismatic animals—the Yangtze river dol- 
phin, or baiji, and the Chinese paddlefish, a 
titan that once reached 7 meters in length— 
are down to a handful of individuals or have 
already gone extinct. 

The loss of such top carnivores is an 
early sign of ecosystem collapse, says David 
Dudgeon, an aquatic ecologist at the Univer- 
sity of Hong Kong. Adding insult to injury, 


Yangtze fishing communities have already 
begun to forget that these creatures even 
existed, Samuel Turvey of the Institute of 
Zoology in London and colleagues report in 
the June issue of Conservation Biology. “1 
was extremely surprised that local ‘commu- 
nity memory’ of the Yangtze megafauna is 
being lost so rapidly,” Turvey says. 

Researchers hope to make a last-ditch 
effort to stabilize the Yangtze ecosystem and 
prevent further extinctions. IHB is working 
with China Three Gorges Dam Corp. to set 
up a reserve in the dam’s reservoir, and Hon- 
ghu Xin-Luo National Baiji Reserve plans to 
launch a finless porpoise ex situ conservation 
program. Meanwhile, influential researchers 
are calling for a lengthy fishing moratorium 
for the entire Yangtze. “If we can’t control 
overfishing, all other approaches will fail,” 
says IHB’s Xie. 


Troubled waters 

The IHB researchers know all too well what 
it’s like to watch a species fade into oblivion. 
In 1978, IHB ecologist Chen Peixun was 
tapped to form a baiji study team. Within 
months, the team deduced that the species was 
in trouble—“and that it would go extinct if we 
didn’t do anything,” Chen says. She puts the 
blame squarely on human activity. During the 
1990s, about 40% of known baiji deaths were 
caused by illegal electric fishing gear. Many 
animals also died from run-ins with ships, 
and others were killed when sandbars—a 
favorite hangout for cetaceans—were blasted 
for easier navigation. 

THB researchers gleaned what they could 
from a captive male baiji named Qiqi. The aim 
was to understand the creature well enough 
to transfer rescued animals to Tian-E-Zhou, 
which in 1992 was designated a national pre- 
serve for baiji and finless porpoises. But it 


Fading pulse. IHB keeps a few finless porpoises 
in captivity, but a 10-year ban on Yangtze fishing 
may be their only hope of survival in the wild, 
argues Wang Ding. 


was too late for the baiji. Yang- 
tze surveys charted a decline 
from 11 sightings in 1997 to two 
in 1999. Then in 2002, Qiqi died 
of old age, apparently. That was 
the last baiji Chen and other sci- 
entists laid eyes on. In 2006, not 
a single baiji was spotted in an 
exhaustive survey, making it the 
first human-caused extinction of a cetacean 
(Science, 22 December 2006, p. 1860). 

Several measures may avert a similar 
fate for the Yangtze porpoise. More sanctu- 
aries could help, for starters. The porpoises 
reproduce readily in Tian-E-Zhou: In 2008, 
all five mature females there gave birth. But 
small reserves can become a death trap. In 
early 2008, unprecedented in recent memory, 
much of Tian-E-Zhou’s surface froze over for 
2 days. Five porpoises asphyxiated, including 
three pregnant females. “If the ice had lasted 
much longer, all the porpoises would have 
died,’ says IHB’s Hao Yujiang. 

Food supply is another constant worry. 
Tian-E-Zhou is 250 kilometers east of Three 
Gorges Dam. Before 2003, when the reser- 
voir behind the dam began to fill, the lake’s 
connection to the Yangtze lasted the whole 
rainy season, from May to October. Now, that 
flow occurs only during the rainiest months 
of June and July. A too-brief connection sup- 
presses fish spawning, says Hao, so research- 
ers must stock Tian-E-Zhou with fish for the 
porpoises to eat. 

Elsewhere, the main threats to the por- 
poise are overfishing, which reduces food 
supply, and the illegal use of nets slung across 
the river, which ensnare the mammals. Yang- 
tze fish stocks have plunged since the 1950s, 
possibly limiting the porpoise’s recovery, 
says Dudgeon. The key to survival may be a 
blanket fishing moratorium. At a workshop 
in Chongqing last September, IHB’s Cao 
Wenxuan, one of China’s most esteemed fish 
specialists, called for a 10-year fishing ban 
for the whole Yangtze. That would be feasi- 
ble, Wang argues, because the 100,000 tons 
of fish hauled from the Yangtze each year is 
less than 1% of China’s freshwater produc- 
tion, including aquaculture. 

There is no sign that authorities are ready 
to take such a step in the near future. That riles 
Dudgeon, who penned a requiem for Yangtze 
ecology in the March/April issue of Aquatic 
Conservation. “How many icons do we need 
to lose?” he asks. -RICHARD STONE 
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ScienceNOW 


From Science's Online Daily News Site 


Will IVF Work for You? 
For couples who have trouble conceiving, in vitro fertilization (IVF) is 
often the last resort. Now researchers say they have come up with a 
way to better quantify a couple’s chance of having a child using IVF. 
Awoman’s age is an important factor in determining whether 
a couple will become pregnant, but it’s far from the only one. So 
Mylene Yao of Stanford University School of Medicine in Palo Alto, 
California, and colleagues collected data on 20 variables that influ- 
ence the success of IVF. These included age, number of previous preg- 
nancies, and sperm count, and figures known after the completion of 
the first round of IVF, such as whether there was fertilization, endo- 
metrial thickness, and average number of cells per embryo. In all, the 
team fed data on more than 1600 first rounds of IVF into a computer 
model called a boosted tree. 


When the researchers compared the model's predictive powers with 
a model based on age alone, they found that it was significantly more 
accurate in gauging success in the second round of IVF, they reported 


in the Proceedings of the National Academy of Sciences. |n the future, 
such a model could help women decide whether to continue using IVF 
or whether to move on, experts say. http://bit.ly/IVF-chances 


Why Gorillas Play Tag 
Anew study of gorillas at play indicates that the 
animals know the limits of their social status— 
and that they play tag to help even the score. 
Behavioral biologist Marina Davila Ross of 
the University of Portsmouth in Hampshire, 
U.K., and colleagues watched videos collected 
over 3 years of gorillas at various zoos and 
reserves in Europe. During play, some gorillas 
hit their playmates and ran away. Ross's team 
noticed a pattern in this game of tag: Gorillas 
lower on the social ladder were usually the tag- 
gers. These gorillas were also twice as likely to 
instigate another round of the game, and they 
frequently bared their teeth—a possible indi- 
cation that they were willing to bite the other 
gorilla, the team reported in Biology Letters. 
The findings, Ross says, suggest that low- 
status gorillas use the game as a sort of ego 


boost. And that means that gorillas are aware 
of inequities in their society, Ross says, mark- 
ing the first time that such cognition has been 
observed in gorillas in a nonexperimental set- 
ting. http://bit.ly/gorilla-tag 


A Jupiter-Sized ‘Comet’ 

Comets aren't the only celestial bodies with 
long, glowing tails. A star 153 light-years from 
Earth is blowing away the atmosphere of planet 
HD 209458b, creating more or less the same 
effect. According to observations by NASA's 
Hubble Space Telescope reported this month in 
The Astrophysical Journal, the gas giant circles 
so close to its sun (an orbit of 3.5 days com- 
pared with Mercury's 88) that solar winds are 
slowly roasting it out of existence, causing its 
outer gases to evaporate into space. The planet, 
which is only slightly smaller than Jupiter, isn’t 


Pree LN 


going to disappear anytime soon, however: 
Researchers estimate it will take a trillion years 
before HD 209458b is completely vaporized. 
That's about 100 times as long as the universe 
has been around. http://bit.ly/planet-comet 


Read the full postings, comments, and more at 
news.sciencemag.org/sciencenow. 
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REPROGRAMMED 
=CELLS REME 


Like a Texan who keeps his drawl after moving to California, induced pluripotent stem (iPS) 
cells—adult cells reprogrammed to resemble embryonic cells—retain signatures of the tissue 
from which they came, according to two new studies. 

George Daley of Children’s Hospital in Boston and colleagues tried to make blood from dif- 
ferent types of iPS cells. iPS cells derived from connective tissue cells didn't work, but ones repro- 
grammed from blood cells made plenty of blood. The reason may be that each iPS cell line sports 
DNA methylation, a molecular coating on the DNA that turns genes on or off, that is typical of the 
cell type it came from, the team reported in Nature. 

In a related paper in Nature Biotechnology, Konrad Hochedlinger of the Harvard Stem Cell 
Institute and his colleagues found that they could identify the origin of different iPS cell lines by 
simply looking at their gene expression. The differences gradually disappeared as the stem cells 
continued to replicate in the lab, so reprogramming adult cells seems to be a gradual process, 
Hochedlinger says. Both studies add to the growing evidence that reprogrammed cells are not 
exactly like traditional stem cells derived from embryos. http://bit.ly/cell-memory 
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NEWSMAKER INTERVIEW 


Nobelist Paul Nurse to Pilot 
Royal Society, London Superlab 


NEW YORK CITY, NEW YORK—In the late 
1980s, working on yeast genetics experiments 
that would lead to a Nobel Prize, researchers 
in Paul Nurse’s lab in Oxford, U.K., faced an 
unusual initiation rite: a ride in a two-seater 
glider piloted by their boss. The trip usually 
involved Nurse turning the dual controls over 
to his passenger, recalls his former postdoc 
Christopher Norbury, now a molecular biolo- 
gist at the University of Oxford. “I loved it,” 
but, Norbury tactfully notes, “a small minor- 
ity didn’t enjoy it so much.” Nurse himself 
seemed to fear nothing, Norbury says. 

Nurse, now the president of Rockefeller 
University in Manhattan, still flies; his lat- 
est outings are in a 1934 Boeing Stearman 
biplane with an open cockpit. And his fear- 
lessness apparently remains intact, as he has 
recently agreed to leave Rockefeller to take on 
two of the highest-profile jobs in British sci- 
ence. Earlier this month, he was confirmed as 
president elect of the Royal Society, the U.K. 
scientific society founded 350 years ago. And 
last week, Nurse took on another challenge, 
agreeing to be the founding director and 
chief executive of the UK Centre for Medical 
Research and Innovation (UKCMRI). When 
it is up and running 5 years from now with 
1500 researchers and staff members, it will be 
the largest research institution in Europe. 


Q: Can you describe your vision for 
UKCMRI? 
P.N.: One reason size is important is to take 
a multidisciplinary approach. Because it’s 
large, it doesn’t actually have to have a par- 
ticular focus. If you set up an institute with 
100 to 150 people working on stem cells or 
RNAi, the problem is, it often goes stale. 

I’ve thought a lot about how to have 
an institute that will move with the times. 
About two-thirds of the 120 research 
groups will be at the junior end, in their 30s 
to early 40s. When they’re developed, we 
will export them, help them find positions 
elsewhere. This is completely different 
from the usual philosophy in the U.S. where 
institutions try to hang on to people. It’s a 
very supportive role for the whole national 
endeavor. 

The second thing is that it won’t be 
divided into academic departments and 
divisions. It’s self-assembled from below. 


Leszek Borysiewicz, chief 
executive of the U.K. Medi- 
cal Research Council, which 
is funding the majority of 
UKCMRI, calls the founding 
director position “perhaps the 
most important [science] job 
in Europe.” And it’s one that 
will need a steady pilot, given 
that UKCMRI is being born 
out of a controversial decision to relocate 
the MRC’s legendary National Institute for 
Medical Research (NIMR) from its subur- 
ban Mill Hill campus outside London to the 
city center (Science, 14 December 2007, 
p. 1704). Many onlookers consider the 
NIMR move—which merges resources 
from Cancer Research UK, the Wellcome 
Trust, and University College London—a 
big gamble. It will tie up £600 million, or 
nearly a billion US. dollars, at a time when 
British science may be facing the toughest 
financial crisis in 2 decades. 

For the past 2 years, Nurse has chaired 
the UKCMRI scientific planning commit- 
tee, an appointment respected even by those 
critical of the decision to close NIMR. And 
although he has outlined a vision for the 
planned lab, many details remain unclear, 
including how many NIMR scientists 


Individuals can belong to several interest 
groups and if their interests change, they 
can withdraw from one or join another. 


Q: Can you clarify your recent comment 
about funding scientific elites? 

P.N.: I think I was misunderstood. Some 
people thought I was going to kill all 
research funding for everybody except for 
100 people, which is obviously stupid. All 
I was saying is that for the very best, we 
might want to think of supporting them ina 
nonbureaucratic way which gives them the 
maximum time for their creativity. 

I was very much impressed by the way 
Howard Hughes [Medical Institute] does 
funding—I’m a Howard Hughes trustee— 
and I thought that would be a very interest- 
ing way of doing things not simply in bio- 
medicine but in physical sciences, chemis- 
try, maths. [Selected researchers] would be 
reviewed every 5, 6, 7 years, and if they’re 
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will make the move to London (Science, 
11 December 2009, p. 1468). 

Although Nurse, 61, was an obvious 
candidate to become the facility’s first 
director, he originally told some people that 
he wasn’t interested. He says he changed 
his mind when he learned about 6 months 
ago that the Royal Society planned to nom- 
inate him as president. The 5-year presi- 
dency is unpaid and only half-time; the 
UKCMRI directorship, a 5-year planning 
position, will also be half-time. “I did need 
another position” besides heading the soci- 
ety, he explains, and the two jobs make for 
“a complete package.” He becomes Royal 
Society president on 1 December and joins 
UKCMRI on | January. 

The twin appointments are the capstone 
to a career full of unlikely twists. Nurse was 
born into a working-class family; his father 


still highly productive, they get another 
7-year tranche. 

Most of these individuals are already 
getting research council funding and so on, 
and it’s just a question of repackaging it in 
a different sort of way. It would be a couple 
of percent of the total funding of research. It 
could be administered by the Royal Society. 
This has got to be discussed. This is just me 
floating an idea. 


Q: What are your thoughts about the pos- 
sible U.K. science budget cuts? 
P.N.: Two things. We have to tell the govern- 
ment that by cutting research today, they are 
in danger of burning the seed corn of the 
future. Because it’s out of science that we 
will get the engine of wealth creation and 
improving health and improving the quality 
of life and our environment. 

The second thing is that if they are going 
to reduce spending, they must always think 
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was a mechanic, his mother cleaned houses 
in northwest London. There were “hardly 
any books at home,” he says, yet he became 
fascinated with science by the age of 8, when 
he watched the Sputnik 2 spacecraft fly- 
ing above London. After secondary school, 
he was initially rejected from universities 
because of the language requirement—he 
flunked a French exam several times. Luck- 
ily, a professor negotiated an exception. 

After graduate school in biochemistry, 
he switched to yeast genetics and cell biol- 
ogy. Later at the London labs of the Impe- 
rial Cancer Research Fund (ICRF), a U.K. 
charity, and at the University of Oxford, his 
group discovered an enzyme that con- 
trols yeast cell division, known as a 
cyclin-dependent kinase, and showed 
that humans share the same gene for 
this enzyme. Because cancer involves 
uncontrolled cell division, the find- 
ing had implications for understand- 
ing human cancer. The work garnered 
Nurse the 2001 Nobel Prize in physi- 
ology or medicine with Tim Hunt and 
Leland Hartwell. 

Although he’s never stopped doing 
research, Nurse became head of ICRF 
in 1996 and oversaw a sensitive merger 
with another cancer charity to create 
today’s Cancer Research UK. In 2003, 
after the merger, he relocated across the 
Atlantic to become president of Rock- 
efeller. There “he really changed the 
atmosphere in a number of ways,” says 
Princeton University molecular biolo- 


Anarchist. Paul Nurse wants to break down 
barriers separating biomedical researchers. > 
about continuing to support the quality 

work. I wouldn’t recommend them try- 

ing to second-guess the areas because 

usually committees don’t do that well. 

What I would emphasize is supporting 

the highest quality people. 


Q: What do you think of the push for more 
translational medicine research? 


& P.N.: When I was in the U.K., we used to 
# think that everybody in the U.S. knew how 
S to do translation. Now when I’ve come to 
w the U.S., I find that everybody is worried 
= themselves about how they do translation. 
I’m beginning to think that this is something 
nobody has really got on top of properly. 
This is worth really looking at freshly, 
how to do things. This new institute will 
5 look at that. I’m going to start by focus- 
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gist David Botstein, a member of the Rock- 
efeller board: Nurse made decision-making 
more transparent and inclusive of junior 
faculty members. He also recruited new 
faculty based primarily on their qualifica- 
tions and not because they worked in a par- 
ticular discipline, an uncommon approach, 
Botstein says. 

Already a highly visible public figure 
in Britain, where he is a regular guest on 
the BBC (The Sun once called him “the 
David Beckham of science”), Nurse has 
also worked to explain science to a broad 
U.S. audience as a guest and co-host on The 
Charlie Rose Show. 


; / 
ing on the different cultures of the people 
involved. Because we have basic scientists, 
we have clinicians, we have the pharmaceu- 
tical industry. ’'m by no means certain that 


we’ve worked hard enough on the sociol- 
ogy of that, to get that to work well. 


Q: Why did you decide to share your birth 
story with the public? 

P.N.: For my [birth] mother, actually. She 
had had to keep this secret for half a cen- 
tury because of the shame of it. And I felt 
by talking about it in public, it somehow in 
part compensates for that. It may sound a 


NEWS OF THE WEEK E 


Four years ago, his life took another 
unexpected turn. In the course of apply- 
ing for a U.S. green card, which required 
obtaining the long form of his U.K. birth 
certificate, Nurse came to realize that the 
people he thought were his parents were his 
grandparents and that his much older “sis- 
ter” had given birth to him out of wedlock 
at age 19. None of the three is alive, and 
Nurse does not know who his father was. 
He has willingly shared the poignant story 
with the public. 

Nurse’s current home, the leafy, gated 
campus of Rockefeller, feels like a serene 
oasis next to the chaos of Manhattan’s 
streets. But Nurse proudly sug- 
gests that “anarchy” exists under the 
surface. He likes the university’s lack 
of traditional academic departments, 
which he believes impede collabo- 
rations. He plans to bring this strat- 
egy to UKCMRI. “We’re mixed up. 
And that’s a little bit of what I’m try- 
ing to achieve in the other place,” 
Nurse says. 

On a steamy summer after- 
noon last week, the same day his 
UKCMRI appointment was an- 
nounced, the white-haired scientist, 
dressed casually in a white shirt and 
gray slacks, spoke with Science about 
his past, his recent suggestion to bol- 
ster U.K. funding for 100 to 150 top 
researchers, and his busy future. His 
remarks have been edited for clarity. 

—-JOCELYN KAISER 


bit strange psychologically, but I’m 
saying, “No, this is OK, I’m talking 
about it publicly because it wasn’t 
such a big shame.” 

There’s something ironical about 
being a really good geneticist and 
having my own genetics completely 
secret for so long. The irony almost 
appeals to me. 


Q: What will you do with your lab? 

P.N.: I will keep it for the next year or two 
then later will establish a lab in London. To 
keep a lab going is what keeps me sane and 
close to graduate students and postdocs. I 
never seem to do anything quite properly 
anymore because I’m juggling so much. 
But I sort of keep afloat. I wouldn’t want to 
just run something without having my own 
scholarly activity. I sometimes think the 
people who just want to run things are not 
always the right people to run them. 
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Dams for Patagonia 


Pressed by a jas forblectrcity, Chile is considering seven big’ Sy 


“dams and a transmnission line through its southern Wildnerness; critics 


“say the efivironmental Fisks av 


COYHAIQUE, CHILE—In rolling hills at the 
foot of a basalt massif, the people of this 
compact, ordered town live mainly by fish- 
ing and cattle ranching. For many, life is 
not dramatically different from that experi- 
enced by the pioneers who first cleared the 
valley nearly a century ago and built tim- 
ber homes. But graffiti around town reveal 
a new disquiet. “Patagonia Sin Represas!” 
(“Patagonia Without Dams!’’) is perhaps the 
politest of the slogans sprayed across the 
walls and buildings of this place, the capi- 
tal of the Aysén region in Patagonia. They 
reflect anger over plans to build at least 
seven major hydropower dams in the area. 
Home to condors and alpaca-like guan- 
acos, puma, and blue whales, Patagonia is 
the tail end of the Americas, one of the last 
accessible nowhere lands on the planet. It 
contains the Southern Ice Field, the world’s 
third most important reserve of fresh- 
water after Antarctica and Greenland. And 
in its untamed wilderness of glaciers and 
mountain peaks, companies are prepar- 
ing to raise not just hydrodams but also a 
70-meter-high transmission line to trans- 
port power more than 2400 kilometers north 
to Santiago, Chile’s capital, and the energy- 
hungry mines beyond. The line would 
require one of the world’s biggest clear- 
cuts, a 120-meter-wide corridor through 
ancient forests—fragmenting ecosystems— 
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and the installation of more than 5000 trans- 
mission towers. 

Proponents of the dams argue that hydro- 
electricity is a clean source of energy, that 
Chile needs the 3500 MW/yr of power to meet 
its development goals and, lacking oil or coal 
reserves, has no viable alternative (see side- 
bar, p. 384). But more than 50 international 
environmental groups have come together 
to try to block dam construction under the 
umbrella organization that uses the slogan 
“Patagonia Sin Represas” as its name. 

“People feel strongly about these dams,” 
says Peter Hartmann, regional head of Chil- 
ean Friends of the Earth, one of 
the main opposition groups. “The 
megadam projects would change 
this region radically and ruin the 
valleys.” So unpopular are the 
construction schemes that Chile’s 
second biggest bank, BBVA, 
announced in January that it would not be 
assisting the power company, HidroAyseén, 
with loans for hydroprojects, citing environ- 
mental and social concerns. 

The controversy raises questions about 
the goals of economic development and 
about the definition of environmentally 
clean energy—issues that divide the entire 
nation. National surveys show that about 
53% to 57% of respondents are against the 
dams. This ensures that the government, 
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Hydroelectric gold. Patagonia’s glaciers hold 
one of the planet's largest freshwater reserves. 


which in the coming months is supposed 
to rule on the viability of initial projects, 
will face trouble no matter what it decides. 
Questions have been asked and answered 
by the thousands; still, key information 
is lacking. 


Unquiet land 

In August 2008, HidroAysén, the company 
behind five of the proposed dams, submitted 
its environmental impact assessment (EIA) 
to Chile’s national environmental 
authority CONAMA for regula- 
tory approval. It is one of 32 gov- 
ernment departments charged 
with assessing the EIA; review- 
ers found the document so want- 
ing that CONAMA instructed 
the company to address more than 3000 
comments and gave a 9-month extension. 

In October 2009, HidroAysén submit- 
ted its response, a 5000-page document 
that brought more critical comments. These 
included criticisms that the EIA lacked data 
on seismic risks in an area known for earth- 
quakes and volcanoes; gave no accounting 
of glacial lake outburst floods (GLOFs); and 
had insufficient information on impacts to 
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global importance, and wetlands and aqui- 
fers. The departments issued another 1000 
comments in January 2010; HidroAysén’s 
response—after another extension—is due 
in October. 

According to Hartmann and his support- 
ers, the EIAs submitted so far have over- 
looked entire areas of impact. “Many of the 
places to be assessed are inaccessible with- 
out a helicopter, so the assessors fly in, stay 
one night and see no wildlife and conclude 
there’s nothing there. But that’s no way to 
study an area,” Hartmann says. Among the 
diverse species threatened by the dams, 
he says, are endangered huemul deer (the 
Chilean national symbol), native fish otter, 
and unique cold-water corals that are only 
now being discovered by marine biologists 
at river outlets. 

One of the three dam sites proposed by the 
company XSTRATA on the river Cuervo lies 
directly above the Liquifie-Ofqui fault that 
runs northward from a triple junction where 
the Nazca, South American, and Antarctic 
plates meet. The plates move relatively slowly 
here, about 2 cm per year, compared with far- 
ther north near Concepcion where the rate 
averages 10 cm per year, and the friction is 
less, says geologist Fabien 
Bourlon of the Research 
Center of Patagonian 
Ecosystems (CIEP) in 
Coyhaique. That means 
that the likelihood of a 
massive magnitude-8.8 
earthquake, as occurred 
at Concepcion in Febru- 
ary, is less, but neverthe- 
less, there is no study to 
support this, he adds. 

Chile’s National 
Geology and Miner- 
als Service agrees, say- 
ing that proper seismic 
studies need to be car- 
ried out before a hydro- 
dam is approved at the 
site. In 2007, 1 month 
after XSTRATA submit- 
ted its EIA declaring the 
Cuervo siting to be on a 
seismically inactive zone, the area experi- 
enced a massive earthquake that dislodged 
boulders into the fjord below, triggering a 
tidal wave that killed people on the oppo- 
site bank. “The government threw out their 
report,’ Hartmann laughs. 

“Actually, what we’re seeing at the point 
where the three plates meet is an opening 
process—a rift—so volcanic or magmatic 
material could rise there,” Bourlon says. 


“reserve for life.” 
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Activist. An opponent of dams, Peter 
Hartmann wants Patagonia to be a 


“And there’s a volcanic gap at the dam 
sites. A line of volcanoes stops north of 
the site at Chaltén, and then there are none 
until Hudsen to the south. So it’s likely 
there’s an undiscovered volcano there,” he 
adds, maybe smack in between at Mount 
Arenales. “This area is very little studied 
because it’s between two ice fields.” 
Known volcanoes could be serious 
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trouble for a dam, too, Bourlon says. If 
Hudsen were to erupt, large pieces of 


Chaitén 
volcano 


rock and debris could rupture the tur- 
bines, and volcanic ash could quickly silt 
it up. No one has looked at these risks, he 
adds. The transmission line for the project 
was originally planned to run right over 
Chaitén, the volcano that erupted so spec- 
tacularly in May 2008, with plumes of ash 
that rose 16,700 meters and buried the vil- 
lage. HidroAysén now plans to reroute the 
line, most probably via the coast. 

XSTRATA points out that most of Chile 
is seismically or volcanically active, which 
has not prevented the country’s numer- 
ous other hydroelectric projects from going 
ahead. “The Environmental Impact Study for 
Cuervo Hydroelectric Plant includes geolog- 
ical baseline studies with specific studies to 
establish the seismic and 
volcanological conditions 
and geological hazards 
in the project area,” says 
Christian Nufiez, environ- 
mental manager for 
Energia Austral, which 
runs the XSTRATA proj- 
ect. “To ensure the safety 
of the project, an engi- 
neering design was cho- 
sen that took into account 
the most extreme prob- 
able seismic scenario 
and the accelerations 
and landslides that could 
occur in this type of 
event. The Maca and Cay 
volcanoes, among others, 
have been incorporated 
into the risk evaluations,” 
Nunez adds. 


Ice floods 

The threat is not only from below ground. In 
Patagonia, glacial lakes often overrun their 
banks and send meltwater surging down- 
stream; such GLOFs are becoming more fre- 
quent with global warming, according to the 
country’s climate scientists. There are cur- 
rently five GLOFs in the North Patagonian 
ice field, with a large one spilling at the head- 
waters of the Baker River since 2008. 
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Powering up. Companies plan to send electricity 
north to Santiago on more than 5000 towers. 


“They are preparing to construct dams on 
what is probably the most unstable river sys- 
tem on the planet,” says Brian Reid, a lim- 
nologist at CIEP in the University of Aus- 
tral, Valdivia. “To what extent it is active we 
don’t know because it’s never been studied.” 

The GLOF analysis submitted in 
HidroAysén’s EIA was “utter nonsense,” 
says Claudio Meier, a hydrological engi- 
neer at the University of Concepcion. “They 
looked at water-level data for 1963 to 2007— 
less than 50 years—and extrapolated to 
obtain a 1-per-1000-year GLOF risk,” Meier 
says. “In fact, the peaks that they saw during 
the data period were just normal seasonal 
floods. The major GLOFs that occurred in 
that region were in 1962 and 2008; we’ve 
had six events there in the past 2 years.” 
The company needs to look at megaflood 
occurrences and come up with a risk for 
1-in-5000-year and 1-in-10,000-year events, 
he says. GLOFs “have been much larger in 
the past than anything we’re experiencing 
now” and have been known to flow at the 
extreme rate of 15,000 m’/s. 

Reid also questions whether the dam 
could withstand the sediments a GLOF 
dumps, which both increase the flood levels 
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A Craving for Hydropower 


The reason Chile must build at least seven 
newhydrodams, sponsors of the projects say, 
is that forecasts show that the country des- 
perately needs more electricity—and that it 
must come from Chilean sources. Environ- 
mentalists and independent energy ana- 
lysts have challenged this view; they argue 
that by improving efficiency and investing 
in renewable energy, Chile could find more 
than enough power within its borders for at 
least a decade—and without more dams. 
So far, however, energy planners have not 
been persuaded. 

To meet future energy demands, accord- 
ing to April 2008 government projections, 
Chile needs to double its installed energy- 
generating capacity over the next decade 
and triple it by 2025. With virtually no coal 
and no oil or gas, the country = _ 
imports more than 95% of its } 
fossil fuels. This is one reason 
Chile has the most expensive 
energy on the continent and 
why leaders want to expand 
domestic energy production. 
Half the country’s electric- 
ity comes from plants fueled 
by Argentinean oil or gas and 
Columbian coal. The other half 
comes from existing hydro- 
power schemes, many of them 
in the central zone around the 
Biobio River. 

In the summer of 2008-09, 
Argentina cut off gas supply to 
Chile at a time when months 
of drought had reduced Chile's hydropower 
capacity. The nation was plunged into black- 
outs. A powerful earthquake near Concepcion 
in February again caused blackouts across the 
central grid after a single transmitter went 
down. Developing a new southern source of 
electricity became an attractive goal. 

“The earthquake definitely boosted our 
chances of approval. ... We may have another 
year’s delay, but we'll be approved,” predicts 
an employee of HidroAysén, the company 
proposing to build five of the dams, speaking 
on condition of anonymity. 

But a 2009 study by a consortium of 
Canadian and Chilean energy analysts dis- 
agrees. In their report, titled Are Dams Nec- 
essary in Patagonia?, Stephen Hall and his 
colleagues say that the country’s projected 
electricity requirements to 2025 can be met 
by newly approved plans for coal plants. Even 


dams. 


Only one option. 
Government energy 
adviser Claudio Zaror 
believes Chile must 
embrace the hydro- 


without the plants, they argue, Chile could 
obtain the 3500 megawatts per year prom- 
ised from new Patagonian dams through 
energy-efficiency measures (3041 MW, they 
calculate) and renewable energy develop- 
ment (4383 MW). The total gain would be 
twice that generated from the Patagonian 
dams, they say. 

The green energy—conservation pitch 
has not persuaded Claudio Zaror, a chem- 
ical engineer at the University of Concep- 
cién and an energy adviser to the gov- 
ernment. “Every year, the country needs 
an extra 500-MW capacity—another 8% 
a year,” Zaror says. “We have to get that 
energy from somewhere. Environmentally 
and economically, hydropower is our only 
feasible option.” 

The situation is more perilous than some 
realize, Zaror says, because droughts are 
predicted to become more fre- 
quent and more severe across 
the central region, which 
includes the Biobio River, 
source of most of the nation’s 
hydropower. Studies by the 
Global Change Research Center 
in Santiago completed in May 
2009 predicted that average 
rainfall would decline in this 
region by 15% from the pres- 
ent by 2050 and that by 2065 
the flow of the Maipo River 
would drop 70%—from an 
average of 170 m?/s to 60 m/s. 
These conditions have already 
arrived, thanks to a severe 
drought that began in 2008 
and from which Chile has yet to recover. 
Already, Zaror says, the drier climate caused 
by an EL Nifa ocean-current shift is affecting 
the region between Concepcién and Santi- 
ago. “During the 2008 drought, less than 
15% of the baseload was met by hydro, and 
we had to import diesel for the power plants 
at $118 per barrel,” Zaror says. He argues 
that Patagonia won't be affected as severely 
by drought: With 92% of the country’s gla- 
ciers retreating, he predicts, the south will 
continue to enjoy strong river flow. 

For Zaror, the issue is clear-cut. “Per cap- 
ita income correlates closely with per capita 
energy consumption, so for a developing 
country, consumption will rise,” Zaror says. 
“We have nearly 20% of the population 
living in extreme poverty at the moment. | 
want that number to decline, and we need 
energy for that.” 


Icy flow. One of two glaciers in Patagonia that 
is not retreating, Perito Moreno supplies the 
Baker River with meltwater. 


and reduce the hydrodam’s life span by rais- 
ing the reservoir bed and clogging the tur- 
bines. “A GLOF in Iceland in 1996 deposited 
1% of the world’s sediment load for a year in 
a 12-hour period, making it the second larg- 
est river in the world during that time. Would 
the HidroAysén dam cope with this? Could 
they open the gates in time?” Reid asks. He 
doesn’t think there is a clear answer, noting 
that “I am the only person who’s even stud- 
ied suspended sediments during a GLOF” 
HidroAyseén says it is confident that its 
planned dam would withstand a GLOF, 
because it is designed to support a flow of 
7000 m?/s. HidroAysén’s experts—a range 
of in-house experts and contractors—calcu- 
late that a GLOF occurring during peak flow 
would double the rate to no more than 6000 
m/s, comfortably within the dam’s margins. 


Breaking the wilderness 

One of scientists’ big worries is that hydro- 
dams and other development could mar 
unique, unstudied areas. For example, on 
the Baker River, one of the proposed dams 
“would flood large areas of peat bog based 
on volcanic ash soils and destroy a lot of 
unique wetland habitat that hasn’t even been 
studied,” Reid says. These areas are impor- 
tant habitats for fish and vulnerable to the 
practice of “hydropeaking,” flooding and 
draining a reservoir. “Artificial water level 
fluctuations disturb the natural seasonal syn- 
chronicity in a lake,” Meier says. 

The effect of artificial daily pulses on 
fish can be devastating, says Evelyn Habit, a 
native fish biologist at the University of Con- 
cepcion. “All the important spawning areas 
are in the wetland zone of daily flood and 
drop; if you lose spawning areas, you lose 
the species. Adults live in very deep layers 
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and use the signal of water levels to know 
when to feed and reproduce, so if it’s chang- 
ing daily, it’s unpredictable.” 

The wetland areas are also an important 
source of fish food—terrestrial debris—that 
would be lost if the forests are disconnected 
from the water by artificial floods and dams. 
“All our fish are benthos feeders, and they 
need large, woody debris. There’s no infor- 
mation on these impacts in the EJA,” Habit 
says. She’s also concerned about how new 
roads and commercial development could 
affect unique fish species including, in the 
Yulton and Meullin lakes, the site of the pro- 
posed XSTRATA dam, a genetically distinct 
Galaxias platei species of primitive fish. 

XSTRATA maintains that it has voluntar- 
ily set operating restrictions for its Cuervo 
plant to minimize the environmental dam- 
age from hydropeaking. “By maintaining 
variations within ranges that occur naturally 
in the existing banks, the company aims to 
limit the potential impact on the bank envi- 
ronment.” Nufiez says that simulations indi- 
cate that the hydropeaking variations “will 
be achieved with similar minimum and max- 
imum levels to the current lake system.” 

The Baker River is the most important 
river to protect, according to Habit, because 
of a historical quirk that has infused the sys- 
tem with uniquely rich biodiversity. Dur- 
ing the last glacial period, 10,000 to 20,000 
years ago, the river reversed direction, now 
flowing to the Pacific rather than the Atlan- 
tic. It contains “a unique population of fish 
that are endemic to Argentina,” such as a 
diplomystes of a primitive catfish genus and 
Odontesthes hatcheri (silverside), a type of 
atheriniform, Habit says: “It seems crazy 
to me to make such a big alteration to such 
pristine ecosystems.” 
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HidroAysén says it will replant trees 
elsewhere that are lost in its dam-building 
and “create an 11,560-hectare conserva- 
tion area to safeguard the ecosystem and 
species.” XSTRATA is also planning what 
it describes as “one of the most ambitious 
programs of reforestation with native spe- 
cies in Chile’s history,” to plant trees in parts 
of Patagonia that were burned by fires in the 
first half of the 20th century. 

Nufiez, the company’s environmental 
manager, also points out the greenhouse- 
gas benefits of hydro- versus fossil fuel— 
derived energy: “Energia Austral will have 


Disruptive flow. Biologist Evelyn Habit fears that 
“hydropeaking” would devastate fish populations. 


the capacity to displace from Chile’s Central 
Interconnected System a total of 2.7 million 
tons of CO,/year.” HidroAysén has prom- 
ised Patagonians an economic windfall if 
dams go forward: a reliable, cheap source 
of energy for the future. 

Hartmann, standing under the three wind 
turbines that power the town of Coyhaique, 
says he’s skeptical. “The same thing was prom- 
ised for the people of Biobio before their dam 
was built; now they have the most expensive 
energy in the country,” he says. “This project 
is not something to benefit the people of Chile; 
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Vanishing. Large areas of unstudied ancient 
peat bog would:be flooded 'by proposed dams. 


it is to make a few private companies rich at 
the expense of our shared environment.” 

And it is perhaps this more than any- 
thing that lies at the heart of the standoff. 
Those against the megadam projects do not 
feel that the cause to which they are being 
asked to sacrifice their shared environment 
is worth it. Most of the energy generated, 
they claim, will be used for privately owned 
mining concessions, which include Barrick 
Gold’s environmentally controversial large 
new mine at Pascua-Llama, and not for 
Chilean households. 

Thousands took to the streets of Chile’s 
cities last month, from Coyhaique to 
Santiago, protesting the dams. Their num- 
bers were swelled by those opposed to recent 
public attempts by HidroAysén to pressure 
the government into fast-tracking approval 
for the projects. The company’s projected 
costs are now pegged at $7 billion. Thanks 
to another delay in the schedule requested 
by HidroAysén last month, the govern- 
ment will have until the end of the year to 
accept or reject the projects outright—or ask 
more questions. 

Many believe that the decision ulti- 
mately rests with the conservative billion- 
aire president, Sebastian Pifiera, who may 
be as personally divided as his electorate. 
He is both a conservationist and a supporter 
of large private-enterprise projects like 
these. If the dams get the go-ahead, elec- 
tricity production could begin as early as 
2015; if not, Chile will be one of the few 
developing countries to choose to protect 
its natural environment over short-term 
financial gain. 

-GAIA VINCE 


Gaia Vince writes on environmental issues in the devel- 
oping world at wanderinggaia.com. 
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PROFILE: NICHOLAS DODMAN 


Can Dogs Behaving Badly Suggest 
A New Way to Treat OCD? 


One of the world’s most popular vets argues that research on animals with behavioral 
problems can offer insight into people with obsessive-compulsive disorder 


NORTH GRAFTON, MASSACHUSETTS— 
Walking from his office to the nearby clinic, 
Nicholas Dodman sports the traditional 
white coat of a physician. But his orange tie 
covered with dogs is a hint that the patients 
he’ll see later today aren’t of the two-legged 
variety. Indeed, the 64-year-old veterinarian 
and founder of the Tufts University Animal 
Behavior Clinic is soon visiting with Baron, 
an 8-year-old brown Doberman pinscher who 
began compulsively licking himself after a 
sarcoma led to amputation of a hind leg. 

Dobermans are an “oral breed, very licky, 
sucky, chewy,” Dodman says, and 
some will lick their flanks or limbs 
until raw and bleeding. Although 
the vet concludes that Baron isn’t 
dangerously compulsive, he recom- 
mends, in addition to exercise and 
“environmental enrichment,” that 
the animal begin taking Prozac and 
memantine, a drug approved for the 
treatment of Alzheimer’s disease 
symptoms in people. Next up for 
Dodman is Theo, a Bernese moun- 
tain dog who has suddenly become 
fearful around strangers; then 
Ginger, an overly aggressive Austra- 
lian shepherd taking Prozac to help 
her behave; and Quincy, an anxious 
golden retriever who whimpers when 
his owner leaves the room. It’s all in 
a day’s work for the author of best- 
sellers such as Dogs Behaving Badly, 
The Dog Who Loved Too Much, and 
The Cat Who Cried for Help. 

A fast, fluent talker with the 
charm of a good storyteller, Dodman 
regularly conducts seminars on pet 
behaviors for vets, animal trainers, 
and pet owners. He writes maga- 
zine columns; blogs for a dog Web site; runs 
another Web site on pets with his wife, also 
a veterinarian; and is a spokesperson for a 
spray that eliminates cat-litter odors. As 
such, it is perhaps easy to dismiss Dodman 
as the Oprah of the pet world. 

But the veterinarian balances this celebrity 
with innovative animal research that appears in 
scientific journals. Earlier this year, for exam- 
ple, he and colleagues reported in Molecu- 


lar Psychiatry that variations in the gene for 
a protein involved in central nervous system 
development may underlie “canine compul- 
sive disorders” in Doberman pinschers. 
Moreover, Dodman contends that ani- 
mal compulsions bear relevance to human 
obsessive-compulsive disorders and that 
memantine may help people with OCD. A 
small clinical trial just completed supports 
his view, suggesting that the compound 
could be the first new OCD treatment in 
decades. Dodman even argues that study- 
ing aberrant animal behaviors may suggest 


Puppy love. Nicholas Dodman’s passion for animals and 
perspective on their misbehavior have made him famous. 


treatments for a wide range of psychiatric 
conditions. Yet it hasn’t been easy to con- 
vince other scientists. “Trying to get this 
concept over is like rolling a rock up a hill,” 
he laments. 

Some researchers are now at least paying 
attention. Colleagues in nearby Boston have 
begun brain-imaging studies of his compul- 
sive Dobermans. And Dennis Murphy, chief 
of clinical science at the National Institute of 


Mental Health (NIMH) in Bethesda, Mary- 
land, is examining the Doberman-highlighted 
gene in people with OCD. The dog study 
“gives us a specific target to look at for com- 
pulsive behaviors in humans,” Murphy says. 
“This finding is too important to ignore.” 


The eureka moment 

Dodman grew up in England, and an affinity 
for animals led him to train to become a vet. 
“T felt really strongly about animals being sen- 
tient beings and abhorred animal abuse. It just 
felt right at the time ... to spend my days try- 
ing to help them as best I could,” he says. 

Dodman’s initial veterinary focus was sur- 
gery and anesthesiology. But after moving 
to the United States in 1981 to join the Tufts 
veterinary school, he struck up a friendship 
with Tufts pharmacology researcher Louis 
Shuster. Together, they became interested in 
developing treatments for horses exhibiting 
so-called stereotypic behaviors: repetitive, 
seemingly pointless actions such as pacing, 
cribbing, and wood-chewing. They hypothe- 
sized that the physical activity of these “stall 
vices” increased production of pleasurable 
endorphins, making the behaviors a form of 
equine self-medication. Dodman and Shuster 
found proof for their theory: Giving horses 
opioid antagonists, which block endorphin 
action, stopped the behaviors. 

It was a “eureka moment,” says Dodman. 
“That one experiment is what turned me into 
a behaviorist.” It also led to a patent on treat- 
ing equine stereotypic behavior with an opi- 
oid antagonist, the first of more than a dozen 
patents that Dodman, usually in concert with 
Shuster, has generated for Tufts. 

Shuster and Dodman quickly began inves- 
tigating treating stereotypic behaviors in other 
animals. Bull terriers often exhibit unnaturally 
obsessive “predatory” behavior, for example. 
They’ll chase their tails or objects such as 
balls for long periods, compulsively carry and 
chew objects, and eat inedible material. Some 
cats hoard or compulsively lick their paws. 
Even birds may chronically pick their feath- 
ers, which, says Dodman, resembles trichotil- 
lomania, a condition in which people obses- 
sively play with, and pull out, their hair. 

Shuster and Dodman learned that 
besides blocking receptors for endorphins, 
opioid antagonists also block NMDA 
receptors, which mediate responses to the 
neurotransmitter glutamate. So they tried 
other glutamate receptor blockers, such as 
dextromethorphan—the cough medicine— 
and memantine, on compulsive behaviors in 
other animals. They found that combining 
memantine with fluoxetine, better known 
as the antidepressant Prozac, was effective 
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in halting compulsive scratching behavior 
induced in mice. The Tufts team then tried 
memantine with or without fluoxetine on 
11 dogs with various compulsive manifes- 
tations: tail-chasing, circling, snapping at 
invisible flies, and light/shadow chasing. 
Seven of the dogs improved. 

About 7 years ago, Dodman and Shus- 
ter began talking with psychiatrist Michael 
Jenike, head of the Obsessive Compulsive 
Disorders Institute at McLean Hospital in 
Belmont, Massachusetts. OCD researchers 
had long focused on the neurotransmitter 
serotonin. Increasing serotonin levels with 
fluoxetine, a so-called selective serotonin 
reuptake inhibitor, can sometimes reduce 
symptoms of the disorder. Buta subtle shift in 
thinking had begun developing among OCD 
investigators. In addition to the memantine 
animal work, studies of people had impli- 
cated glutamate signaling in OCD. A Yale 
University team, for example, had begun to 
test a drug that reduces glutamate release, 
riluzole, in people with OCD. 

Given the lack of new treatments for 
OCD, Jenike tried memantine on a few of his 
patients and was impressed. He, Dodman, 
Shuster, and colleagues then launched a case- 
control study, comparing 22 people with OCD 
receiving standard treatment at the clinic with 
22 similarly treated OCD patients who were 
also given memantine. The memantine takers, 
but not the controls, had a significant decrease 
in their OCD symptoms, the researchers 
reported in the February Journal of Clinical 
Psychopharmacology. 

Jenike has now raised money to conduct 
a larger placebo-controlled trial of meman- 
tine. Despite all that, he remains skeptical that 
animal compulsions are directly analogous to 
OCD. “Thave a hard time with the concept ofa 
dog biting on his leg and calling it OCD. With 
OCD, you need to know what’s going on in the 
head. It’s kind of a big leap for me,” he says. 


Spontaneity is good 

Researchers have traditionally sought to cre- 
ate animal models of mental health problems 
by, for example, genetically engineering or 
stressing rodents. Yet such models are viewed 
with caution. “Trying to create an animal 
model defined by behaviors which resem- 
ble human psychopathology is a tough one. 
... They capture, at best, only a fraction of 
the human syndrome,” notes Thomas Insel, 
director of NIMH. 

Dodman contends that spontaneously 
occurring behavioral problems in animals 
offer a much more promising avenue of 
study than inducing a disorder does. “If I 
look at the DSM [psychiatry’s Diagnostic 
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Unstoppable. Animals often exhibit compulsive 
behavior such as chewing wood, licking them- 
selves, and feather-pulling. 


and Statistical Manual], there’s hardly a dis- 
order in there that I don’t see in animals,” he 
says. (Schizophrenia, he later acknowledges, 
is one of the exceptions.) 

Dodman argues that there’s a common 
theme to human OCD and compulsive animal 
behavior: instincts gone awry. “Human OCDs 
relate to hunting and gathering,” he asserts. 
Hoarding behavior, for example, is gathering 
run amok. Animal compulsions are similarly 
keyed to their basic instincts, according to 
Dodman. Grooming can go overboard, result- 
ing in aberrant paw licking in cats and dogs 
and feather-pulling in birds. 

Convinced that there’s also a shared 
genetic component among people and 
animals for compulsive behavior, Dodman 
has been laying the foundation to confirm 
that theory for more than decade. In 2000, 
Dodman joined forces with geneticist 
Edward Ginns of the University of Massachu- 
setts Medical School in Worcester, who was 
interested in screening select populations of 
people, such as the Amish, and animals, such 
as specific dog breeds and purebred horses, 
for disease genes. They collected hundreds 
of DNA samples from horses and dogs with 
severe compulsions and waited for technol- 
ogy to ripen. By 2007, the canine genome 
had been sequenced, and Dodman and Ginns, 
with the help of the Broad Institute in Cam- 
bridge, Massachusetts, began to probe the 
DNA samples of Dobermans with obsessive 
sucking or licking behavior. The search paid 
off at the end of last year when the team found 
that a variant of the gene for a protein called 
cadherin-2 (or neural cadherin) was over- 
represented in extremely compulsive Dober- 
mans compared with normal ones. 
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Studies have suggested that cadherin-2 
assists brain development, apparently help- 
ing neurons form synaptic connections. 
And Dodman believes the memantine and 
cadherin gene stories converge to further 
implicate glutamate in compulsive behav- 
iors: Cadherins contribute to the formation 
and action of NMDA receptors, the target of 
memantine. Compulsive behavior “isn’t all 
about the NMDA receptor, [but] it certainly 
isn’t all about serotonin,” currently the prime 
target for OCD drugs, he says. 

Dodman is now anxiously awaiting 
news from various collaborators. NIMH’s 
Murphy should have results soon on whether 
the human version of the cadherin-2 gene 
or related cadherin genes are implicated in 
people with OCD. And Elaine Ostrander 
at the National Human Genome Research 
Institute in Bethesda is almost done with a 
genomewide survey of bull terriers who are 
severe tail chasers. 

Dodman is particularly excited about the 
bull terrier study. Some members of this breed 
not only exhibit compulsive stereotypic move- 
ments but also are asocial and withdrawn, 
prone to seizures and “trances,” and display 
episodes of explosive aggression, all traits 
seen in autistic people. Dodman notes that a 
recent genetic study of people with autism has 
also implicated cadherins. “Things are getting 
curiouser and curiouser,” he says. That rock 
may be about to inch farther up the hill. 

—CONSTANCE HOLDEN AND JOHN TRAVIS 


Constance Holden, a 40-year veteran of Science's News 
department, was killed in a traffic accident during prepa- 
ration of this story, which was completed by John Travis. 
She is remembered by her colleagues and scientists at 
www.sciencemag.org/extra/holden/ 
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Seeds of change 


LETTERS | BOOKS | 


LETTERS 


edited by Jennifer Sills 


Bracing for Oil 


UNEASINESS HAS SETTLED ON THE UNIVERSITY OF MIAMI’S ROSENSTIEL 
School of Marine and Atmospheric Science campus as we watch the 
oil spill slick creep across the Gulf. Although we are on Florida’s 
eastern side, the currents will likely carry the oil to our shores. What 
would become of the beach surrounding our campus, and the reefs just 
offshore that we measure and map and monitor regularly? 

On campus, we have set up our own drilling rigs, drilling not for 


Creeping closer. Weeks after the April 2010 Gulf of Mexico oil spill began, a 
wave of oily tarballs washes over a footprint in Orange Beach, Alabama. 


POLICY FORUM | 


EDUCATION FORUM | PERSPECTIVES 


oil, but for clean seawater. The tanks housing our corals and fish draw 
water directly from Biscayne Bay, and we hoped that by digging wells, 
we could use sand to filter out the incoming pollutants. Results are 
mixed: One of the wells has produced water of high quality, but the 
other has high loads of inorganic nutrients, rendering its utility ques- 
tionable and the security of the water supply uncertain. 

It is hard to predict how the oil will affect our reefs. Many of the 
studies on the effects of oil and dispersants on corals were done in the 
1970s and early 1980s (/, 2). Although many sublethal effects were 
reported, acute mortality in connection with oil alone was low. The 
mucous layer of corals may allow them to slough off oil before it causes 
damage. The dispersants are more toxic; they can dissolve the corals’ 
mucous layer, which would allow chemicals to penetrate the tissues. 
Our predictive capacity is further compromised by the wide range of 
secondary stressors, including coral bleaching, ocean acidification, 
disease outbreaks, and algal overgrowth. These factors might make 
the corals even more vulnerable, particularly to toxic exposures. 

Powerless, we wait and watch, trying to enjoy our beach but always 
mindful of the days, perhaps not far off, when tarballs will mingle 
with the seaweed washed ashore. As we work to mitigate this disaster, 
we must go beyond a clean up and demand better protection for these 
devastated and dwindling ecosystems. 

RACHEL N. SILVERSTEIN 


Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, FL 
33149, USA. E-mail: rsilverstein@rsmas.miami.edu 
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Evolution of Fairness: 
Cultural Variability 


]. HENRICH ETAL. (“MARKETS, RELIGION, COM- 
munity size, and the evolution of fairness and 
punishment,” Research Articles, 19 March, p. 
1480) have shown that market integration and 
participation in world religion covary with 
fairness. The authors suggest that their results 
support cultural evolution theories and con- 
tradict the hypothesis that successful social 
interactions in large-scale societies arise to a 
large extent from an evolved psychology. We 
believe that their conclusion is based on too 
simple a view of human morality. 

Much research in behavioral econom- 
ics supports the idea that humans have a 


sense of fairness that aims to equilibrate 
exchanges among individuals. In economic 
games where money needs to be distrib- 
uted, for instance, people carefully respect 
everyone’s rights over the stake: If the com- 
mon good is produced by a single person, 
she is granted more rights over the money 
(/, 2); similarly, the most productive part- 
ner during the joint production phase is 
favored (3, 4). 

Economic games are notoriously under- 
determined: Participants are given a lump 
of money to distribute with no information 
as to where it comes from, who owned it 
in the first place, who the receiver is, and 
so on. As the authors have noted in previ- 
ous papers (5), participants have no choice 


but to fill this informational gap by drawing 
on their everyday life experience. Because 
participants in more market-integrated 
societies have more experience in sharing 
goods and investing with others, they spon- 
taneously attribute more rights to the other 
participant and consequently allow her 
more money (6). 

This explanation fits better with the eco- 
nomic literature on institutions and coopera- 
tion. Contrary to what the authors suggest, 
Nobel Prize-winning economists Douglas 
North (7) and Elinor Ostrom (8) have shown 
that cultural variability in cooperation is not 
explained by different norms but rather by 
different systems of incentives (reward and 
penalties) organized by local communities or 
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States. Thus, an innate preference for fairness 

is fully compatible with Henrich et al.’s results. 

It is also theoretically more parsimonious and 
supported by more empirical evidence. 

NICOLAS BAUMARD,** PASCAL BOYER,? 

DAN SPERBER? 

‘Department of Anthropology, Institute of Cognitive and 

Evolutionary Anthropology, University of Oxford, Oxford 

OX2 6PN, UK. *Department of Psychology, Washington Uni- 


versity, St. Louis, MO 63130, USA. ?Department of Philoso- 
phy, Central European University, 1051 Budapest, Hungary. 


*To whom correspondence should be addressed. E-mail: 
nbaumard@gmail.com 
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Evolution of Fairness: 
Rereading the Data 


J]. HENRICH ET AL.'S RESEARCH ARTICLE 
(“Markets, religion, community size, and 
the evolution of fairness and punishment,” 
19 March, p. 1480) is a valuable addition 
to the growing literature testing behavioral 
hypotheses through careful cross-cultural 
measurement. However, the data they report 
falsify their theory. The authors propose 
that increases in third-party punishment 
of unfairness drove an increase in fairness 
norms, enabling the emergence of large-scale 
market economies. Critical to this theory is 
their hypothesis that exposure to third-party 
punishment actually elicits an increase in 
fairness. Relevant to evaluating this hypoth- 
esis, the authors conducted two near-parallel 
economic games: a Dictator Game (in which 
a “dictator” unilaterally divides a wind- 
fall gain with another person—a measure 
of fairness) and a Third-Party Punishment 
Game (the Dictator Game with the addition 
of exposure to possible third-party punish- 


www.sciencemag.org SCIENCE 


Climate change 
on early Mars 


ment). Their central hypothesis requires that 
adding punishment to the Dictator Game 
will increase fairness, but their data show 
that the addition of punishment decreases 
fairness (p. 1483). This finding unambigu- 
ously refutes their central hypothesis. 
Henrich et al. also assert that their data— 
showing patterned cultural variability in 
cooperation—can determine whether mod- 
ern levels of generosity and altruism are 
driven by an evolved social psychology or 
by cultural processes. The authors claim that 
their data decisively favor the cultural pro- 
cesses hypothesis. Yet nothing in their data 
can test (even in principle) whether it is psy- 
chological or cultural processes (or both) 
that cause these cross-cultural differences. 
Only long-abandoned instinct-as-reflex 
theories expect invariant responses in the 
face of different social inputs. By contrast, 
modern adaptationist theories predict that 
our evolved social psychology will be cal- 
ibrated by relevant environmental inputs. 
Many of these inputs—such as the local 
value of long-term cooperative relationships 
and the fidelity of reputations—are likely 
to covary with market integration, making 
it at least as likely that an evolved, context- 
sensitive social psychology is driving the 
results that the authors observe. That is, 
psychological and cultural theories both pre- 
dict cross-cultural variation. 
ANDREW W. DELTON, MAX M. KRASNOW, 
LEDA COSMIDES, JOHN TOOBY* 


Center for Evolutionary Psychology, University of California, 
Santa Barbara, CA 93106-9660, USA. 


*To whom correspondence should be addressed. E-mail: 
tooby@anth.ucsb.edu 


Response 

OUR RESEARCH ARTICLE DOES NOT ARGUE 
that elements of an evolved social psychol- 
ogy are unimportant, as Baumard ef al. sug- 
gest. Nor do we believe, as Delton et al. 
propose, that purely genetically evolved 
mechanisms, rooted in kinship and reciproc- 
ity, are sufficient to account for the massive 
expansion of cooperation in the past 10 mil- 
lennia and the diversity of human sociality. 
We argue that understanding this expansion 
requires the integration of work on both cul- 
tural and genetic evolution. 
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Baumard ef al. misunderstand the work 
we cite on the evolution of norms (/—4), as 
well as that of North and Ostrom. The cited 
work asks two questions of innate learning 
heuristics: (1) Under what conditions can 
these adaptive learning mechanisms yield 
self-reinforcing stable equilibria (“norms” 
at which individually costly behaviors are 
sustained, and (ii) what happens when 
groups stuck at different stable equilibria 
interact and compete (5)? Thus, we draw on 
work that explicitly theorizes the origins and 
evolution of “incentive systems” given what 
we know empirically about human psychol- 
ogy and learning. 

Both our theoretical approach and our 
empirical evidence are convergent with 
approaches suggested by North and Ostrom, 
who have emphasized the importance of 
norms, institutions, and learning and culture 
[pp. 89, 17, and 75 in (6); p. 75 in (7); pp. 42, 
86, 87, and 135 in (8)]. 

Baumard et al. claim that much research 
supports the idea “that humans have a sense 
of fairness,” but the four papers they cite are 
limited to Dictator Games among under- 
graduates. Although we strongly suspect that 
there are innate elements to human fairness 
(9, 10), the empirical findings cited are nei- 
ther applicable to our recent paper nor estab- 
lished beyond Western undergraduates, who 
are but one population in a broad spectrum 
of human diversity (//, 12). 

Baumard ef al.’s concerns about under- 
determination in our economic experiments 
are unfounded; in the protocols we adminis- 
tered across 15 diverse populations, property 
rights (money was “given to the pair’’), the 
origins of the money, and what players know 
(and do not know) about the receiver were 
made explicit and held constant across sites. 
Analyses using our measures of comprehen- 
sion and formal education (/0), as well as our 
post-game interviews, revealed no hint that 
systematic misunderstandings of the instruc- 
tions (e.g., regarding property rights) affected 
the findings. Ofcourse, if different populations 
hold different learned and internalized norms 
from daily life regarding property rights, this 
would support our theoretical view. 


Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the previous 3 months or issues of 
general interest. They can be submitted through 
the Web (www.submit2science.org) or by regular 


mail (1200 New York Ave., NW, Washington, DC 
20005, USA). Letters are not acknowledged upon 
receipt, nor are authors generally consulted before 
publication. Whether published in full or in part, 
letters are subject to editing for clarity and space. 


389 


Downloaded from www.sciencemag.org on July 22, 2010 


Let eR 


390 


Finally, Baumard et al. explain the strong 
statistical relationship we found between mar- 
kets, religion, and community size by noting 
that people in market societies have more 
experience with “sharing.” Empirically, this 
view is inconsistent with substantial anthro- 
pological evidence for intensive food shar- 
ing, especially in the smallest-scale societies 
(13). Delton et al. also refer to a relationship 
between market integration with “coopera- 
tive relationships” and the “fidelity of repu- 
tations,” implying that in the smallest-scale 
human societies (such as foragers), long-term 
cooperative relationships have relatively less 
value than among Americans, and that reputa- 
tions in these face-to-face communities have 
lower fidelity than among Western urbanites. 
Such a proposal runs contrary to all available 
evidence (/4, 15). 

Delton etal.’s concerns about the relation- 
ship between our Dictator Game (DG) and 
Third-Party Punishment Game (TPG) stem 
from their belief that our approach assumes 
that only social norms affect experimental 
results. However, we argue that culturally 
evolved norms influence decision-making 
along with other factors (such as material 
costs and benefits), which is why we equal- 
ized the stakes across sites and controlled 
for income and wealth. Reflecting this, we 
proposed that the drop in TPG offers rela- 
tive to the DG arises from the interaction of 
two factors (pp. 56 to 61 in our supporting 
online material). First, empirical work sug- 
gests that when punishments or rewards are 


added to a situation, they may reduce intrin- 
sic motivations toward some goal or norm 
(6). If punishing is structurally limited or 
weak, the net effect of adding this threat to 
a social interaction may be to reduce moti- 
vations to be social. However, if the punish- 
ment threat is increased, the net result will 
be greater social behavior than in the nonin- 
centivized situation. Second, our TPG adds 
only limited punishment to a DG. The most 
our punishers can do is to reduce a players’ 
take by 30%. Consequently, it seems likely 
that offers went down in our TPG because 
the game adds a punishment threat (reduc- 
ing intrinsic motivations) but provides lim- 
ited punishment opportunities—creating 
insufficient compensatory incentives. This 
explains why punishment increased offers 
slightly in the Ultimatum Game (UG), rel- 
ative to the DG, whereas it reduced offers 
in the TPG; the UG has potent punishment. 
Thus, TPG mean offers could be raised 
by increasing the opportunities for pun- 
ishment. This underlines the fact that our 
experiments were not designed to assess the 
relative efficacy of third-party punishment 
on prosocial outcomes, but rather to com- 
pare a fixed punishment opportunity across 
populations. Analyses of the differences in 
DG and TPG offers (table S18 in our sup- 
porting online material) suggest that adding 
limited punishment reduces those prosocial 
motivations linked to world religions. 

We agree that applying evolutionary the- 
ory can generate context-dependent theories 
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This Week in Science: “Glacial gas” (25 June, p. 1609). The first five words should not have run. The first sentence should 
read, “A series of sudden and large warming episodes, called Dansgaard-Oeschger events, interrupted the cold conditions 
of the last glacial period.” The sentence has been corrected in the HTML version online. 


Editors’ Choice: “Caught in the net” by C. Ash (11 June, p. 1328). In the second sentence, “apatite skeletons” should 


have been “aragonite skeletons.” 


News of the Week: “APA seeks to overhaul personality disorder diagnoses” by C. Holden (12 March, p. 1314). Andrew 
Skodol was incorrectly identified. He is a psychiatrist at the University of Arizona College of Medicine in Tucson. 


Cover Caption: (26 February, p. 1049). The cover caption did not sufficiently acknowledge the airborne laser mapping 
project called “B4.” In the image credit, the following should have been added parenthetically after “the B4 Project”: 
“(Ohio State University, U.S. Geological Survey, National Center for Airborne Laser Mapping, UNAVCO, and Optech Inter- 


” 


national; www.earthsciences.osu.edu/b4) 


Reports: “Slip in the 1857 and earlier large earthquakes along the Carrizo Plain, San Andreas Fault” by O. Zielke et al. 
(26 February, p. 1119). In note 11, the description of the source of the data used in this study was incomplete, and in 
note 28, the airborne laser mapping project called “B4” was insufficiently acknowledged. Note 11 should have read: 
“This LiDAR point cloud was gathered by the National Center for Airborne Laser Mapping using an Optech ALTM 3100 


in a Cessna 310 aircraft flying at 600 m above ground level with a 70-kHz pulse rate and +20° scan angle. The ~1-km- 
wide survey comprised five overlapping swaths. These data are version 1.01 of the B4 project data, which use Kendrick’s 
26 November 2005 GPS processing with the KARS software. Points with location accuracies of better than a few decime- 
ters have densities of 2 to 4 per m? along the 1857 reach, which allowed us to download 0.25 to 0.5 m per pixel Digital 
Elevation Models computed using a local binning approach (www.opentopography.org).” The following line should have 
appeared at the end of note 28: “The ‘B4 Project’ (www.earthsciences.osu.edu/b4) collected LiDAR point cloud data along 
the southern San Andreas and San Jacinto Faults. Data acquisition and processing were performed by the National Cen- 
ter for Airborne Laser Mapping (NCALM). The project was led by Ohio State University and USGS with funding from the 
Division of Earth Sciences Geophysics program at the NSF. Optech International contributed the ALTM3100 laser scanner. 
UNAVCO and Southern California Integrated GPS Network assisted in GPS ground control. Numerous volunteers and land- 
owners made the project possible.” 


about psychology (9, /7). However, when 
one takes the classic models seriously, with- 
out applying ad hoc verbal extensions, the 
implications are clear: Genetic mechanisms 
based on kinship, reciprocity, and signal- 
ing are alone insufficient to account for the 
scale, temporal trajectory, and variation in 
human cooperation (9, 18, 19). 
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PLANT SCIENCE 


A Plant Breeder's History of the World 


Alan B. Bennett 


- ybrid’ is derived from the Latin 
H hybrida, meaning a cross between 
a tame sow and a wild boar, a word 
possibly related to the Greek 
hubris, meaning pride but also 
an outrage against nature.” 
In Hybrid, Noel Kingsbury 
builds on this theme by explor- 
ing the conceptual break- 
throughs that led people to 
accept that they could and 
should improve plants for 
human uses as well as the sci- 
entific breakthroughs that progressively made 
crop improvement possible and, ultimately, 
powerful. Artfully linking human cultural 
evolution and the 10,000-year history of plant 
breeding, Kingsbury (an English horticultur- 
alist and writer) moves fluidly between the art 
and science of plant breeding and the growth 
of increasingly complex human society and 
politics. He convinced me, at least temporar- 
ily, that plant technologies have been a major 
contributor to many important developments 
in human history. For example, in his descrip- 
tion of the disastrous “days of madness” when 
Trofim Lysenko dominated plant breeding in 
the Soviet Union, he notes “i]t has even been 
suggested that Lysenko’s influence so dam- 
aged Soviet agriculture that it, more than any 
other single factor, led to the demise of Com- 
munism.” Although many of Kingsbury’s 
ideas linking the stories of plant breeding 
and human civilization could undoubtedly be 
challenged, they create provocative food for 
thought and expand the book’s context beyond 
that of a technical history. 

The history of plant breeding starts at the 
dawn of agriculture, when a few crops, in far- 
flung parts of the world, appear to have been 
almost simultaneously domesticated. Early 
farmers recognized distinctive new varieties 
that arose from sudden mutations or novel 
hybrids. Then, either consciously or uncon- 
sciously, farmers preferentially propagated 
the most favorable new types. Following the 
domestication of several major crops, plant 
improvement was painfully slow. Kings- 
bury attributes this general lack of progress 
to a variety of reasons. People may have 
remained unaware that humans could make 
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changes in living organisms, and the knowl- 
edge of how to make desired changes cer- 
tainly did not exist. Societies facing rising 
demands for crops found it 
harder to expand production 
than to conquer new lands or 
to encourage commerce; thus 
political investments favored 
the military and trade rather 
than agricultural improve- 
ment. For several millennia, 
the returns from improving 
agricultural crops were far too 
small and too slow to be widely appreciated 
by rapidly developing societies. 

Much changed during the 17th and 18th 
centuries. In Europe during the Age of 
Enlightenment, researchers sought to under- 
stand nature and to manage it for 
human benefit. Experimentation 
and the concept that humans could 
select for new and useful plants were 
coupled with population growth and 
urbanization that provided a power- 
ful motivation to expand crop pro- 
ductivity. Although this era of plant 
improvement preceded any knowl- 
edge of genetics, botanical science 
was emerging as a powerful part- 
ner to agriculture. Experimental 
approaches to creating hybrids iden- 
tified the physical mechanisms of 
pollination, began to define the lim- 
its of hybridization between closely 
related species, and noted the phe- 
nomenon of hybrid vigor. The era witnessed 
the birth of systematic plant breeding. 

Although there is a vast and interesting 
history of crop cultivation before the dawn of 
the 20th century, there is little question that 
the work of Darwin and Mendel created the 
scientific foundation for plant breeding that 
led to its explosive impact over the past 100 to 
150 years. As Kingsbury notes, Mendel pro- 
vided a framework for predictability in selec- 
tive breeding and, perhaps most important, 
illustrated the role and importance of statistics 
in designing and evaluating breeding experi- 
ments. Kingsbury devotes several chapters 
to the fascinating history of 20th-century 
efforts to improve the productivity, reliabil- 
ity, and nutrition of crops. Among other 
topics, he discusses the rise of corn and of 
first-generation hybrids, mutation breeding, 
wide-species crosses and genetic introgres- 
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sion, the Green Revolution, and the chal- 
lenges of genetic resource preservation and 
intellectual property rights that now play 
major roles in the plant breeding enterprise. 
Plant breeding has a long history that is 
peppered with controversies and with the 
often interesting and powerful personali- 
ties who were involved in these disputes. For 
example, George Beadle and Paul Mangels- 
dorf, two of the most prominent plant geneti- 
cists of the 1930s to 1950s, argued over the 
domestication of corn. Their decades-long 
debate was finally settled in Beadle’s favor 
after his retirement (when he had the time to 
evaluate 50,000 maize-teosinte hybrids over 
two generations). Kingsbury weaves personal 
sketches of many other individuals into his 
history. Some are well known, such as Wil- 
liam Bateson, the principal advocate for Men- 
delism in Britain; Liberty Hyde Bailey, who 
developed agriculture as an applied science at 
Cornell University; Luther Burbank, the intu- 
itive breeder and showman; and John Chap- 
man, “Johnny Appleseed,” supplier of cider 


Golden grain. Field of hybrid corn, lowa. 


apples. Readers will become more familiar 
with other, less-known names: e.g., the family 
dynasties of the Vilmorins (France; especially 
important for cereals) and Wallaces (Iowa; 
corn), Antoine Duchesne (the 18th-century 
French botanist who worked with strawber- 
ries), and Rowland Biffen (the British bota- 
nist who first applied Mendelian genetics to 
improve crops, in particular wheat). 

It is interesting that Bailey is also cred- 
ited with inventing the term “plant breeding” 
and training students through a combination 
of “practical fieldwork and research based 
on sound scientific principles”—and this 
was just over 100 years ago. Both the disci- 
pline and the profession were major growth 
industries for the first three-quarters of the 
past century, but there are warning signs that 
they now face stresses from declining pub- 
lic investment and graduate training oppor- 
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tunities. Much of the disciplinary interest in 
plant breeding has migrated to the molecu- 
lar biology of plants and of the professional 
interest, to agricultural biotechnology. Kings- 
bury stops his narrative short of the contribu- 
tions from genetic engineering. He does not, 
however, ignore genetic engineering of crops 
but uses the history of plant breeding to place 
current genetic technologies in a broader con- 
text. Hybrid provides an informative tour of 
plant breeding through time, its interface with 
society and cultural evolution, and the people 
who contributed to this history. Kingsbury’s 
account should be required reading for stu- 
dents preparing for a future as a plant breeder, 
geneticist, or molecular biologist. Fortu- 
nately, that requirement should prove unnec- 
essary—the book is engaging at many levels, 
and I expect many scientists and lay readers 
to pick it up on their own accord. 
10.1126/science.1192333 
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Cultivating Chaos 
Saleem H. Ali 


earching for uni- 

fying causality to 

current environ- 
mental and social prob- 
lems is a compelling 
endeavor for scientists 
who are intrepid enough 
to become public intel- 
lectuals. Tracing our suc- 
cesses and failures back 
to some momentous his- 
torical episodes has been attempted in vari- 
ous forms. In Collapse, Jared Diamond used 
case analyses of numerous societies to posit a 
grand theory of environmental determinism 
(J). Earlier works along similar lines include 
archaeologist Joseph Tainter’s The Collapse 
of Complex Societies (2) and historian Clive 
Ponting’s A Green History of the World (3). 

It is within this genre of panoramic narra- 
tive that Spencer Wells seeks to plant Pando- 
ras Seed. A population geneticist, he starts the 
book with a fundamental question: “Is there 
some sort of fatal mismatch between Western 
culture and our biology that is making us ill?” 
Empirically testing such a question is impos- 
sible, but through a convergence of narratives 
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from disciplines as far afield 
as anthropology and psychia- 
try, Wells traces back our cur- 
rent societal predicament to the 
Neolithic advent of agriculture 
around 10,000 years ago. Using 
the allure of Greek mythologi- 
cal imagery, he suggests rather 
astonishingly that all sorts of 
human failings from obesity to 
terrorism can be traced back to a 
move away from hunter-gatherer 
lifestyles when humans decided 
to farm rather than forage. 

In the age of Avatar, this sto- 
ryline is indeed likely to reso- 
nate with the public, but it will 
raise many eyebrows among 
scientists across a wide spec- 
trum. The romantic vision of 
hunter-gatherer lifestyles Wells 
presents misses many empiri- 
cal findings. For example, the 
assumption that early humans 
were focused on need-based 
lifestyles and not interested in 
luxuries has been challenged 
in various ways. Some of the earliest mining 
in the world, traced back to around 
40,000 years ago in Swaziland’s 
Lion Cave, was for ornamental ochre 
rather than for any particular biologi- 
cal need. Aggrandizing behavior has 
also been observed in hunter-gatherer 
societies, recently exemplified by the 
discovery of gold artifacts among 
Andean hunter-gatherer remains (4). 

The importance of intergroup con- 
flict at early stages in our history is 
another contentious topic. Although 
Wells concedes that hunters and gatherers did 
engage in battles, he minimizes this matter. 
Where the empirical evidence points toward 
mortality from trauma, he suggests that this 
was due to “accidental falls and drownings.” 
Where he is lamenting the stresses of mod- 
ern life, he dismisses the stress of hunting as 
“short-term” and actually positive because it 
produces adrenaline, which arguably boosts 
immune response. Yet such potentially salu- 
brious adrenaline rushes could just as well be 
produced with video games or watching the 
stock market. Frequent skirting of confound- 
ing factors undermines Wells’s narrative, 
which is otherwise very rich in descriptive 
detail and valuable charts. 

It is worth considering one of the over- 
arching concepts provided by the book, that 
of “transgenerational power.” Wells sug- 
gests that human abilities are now so power- 
ful that the activities of those currently alive 


Seed jars. A display of seeds 
from crops grown in North 
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will impinge on the lives of 
many future generations. This 
view ties in with the notion of 
intergenerational equity that 
has been popularized through 
the discourse on sustainable 
development. However, Wells 
does not engage the challenges 
of alleviating poverty, nor 
does he consider pathways to 
improve global development 
indicators such as education 
or access to basic health facili- 
ties. The solution he offers at 
the end of the book is that the 
West should “want less.” No 
doubt this is admirable advice 
to the affluent, but how would 
it be applied to the indigent in 
the developing world? While 
acknowledging that a return 
to subsistence is not possible, 
he provides little guidance 
on how to feed the world’s growing popula- 
tion without relying on advanced agricultural 
innovation. As the director of the National 
Geographic Society’s project on tracing 
human migration flows (the Genographic 
Project), Wells has a grasp of many disparate 
fields. Nonetheless, he seems to have been 
selective in his coverage to boost his argu- 
ment. Ecological resilience and human adap- 
tation receive scant attention, and Oriental 
and Occidental cultures are portrayed in styl- 
ized and static forms. 

Wells concludes with a call for a shift 
from “logos” to “mythos,” which has lit- 
erary appeal but very little tangible cur- 
rency. Instead, perhaps his goals would have 
been better served by focusing on a shift in 
“ethos”—cultural attributes, coupled with a 
quest for innovation. Pandora’s Seed culti- 
vates curiosity about the complex and chaotic 
linkages between human agency and nature 
but then implodes with an elegant yet sim- 
plistic argument. 
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INFORMATION ACCESS 


Prepublication Data Release, 
Latency, and Genome Commons 


Jorge L. Contreras 


esearchers must disclose their data 
R: order to achieve recognition and 

to enable others to test, validate, and 
challenge their hypotheses. In doing so, they 
create bodies of shared knowledge that are 
analogous to traditional public resources, such 
as forests and freeways, often referred to as 
“commons” (/, 2). The rate at which data are 
added to these information commons, how- 
ever, varies greatly. The traditional practice has 
been to contribute experimental and observa- 
tional data to the commons when, or shortly 
after, the analysis of that data is published, 
sometimes years after its initial collection (3, 
4). Because of busy schedules, competitive 
pressures, and other interpersonal vagaries, 
the sharing of scientific data can be inconsis- 
tent even after publication (5, 6). Many tradi- 
tional data-sharing practices were challenged, 
with significant and lasting effect, during the 
race to sequence the human genome. 


The Bermuda Principles 
In 1992, shortly after the initiation of the 
international Human Genome Project (HGP), 
the U.S. National Institutes of Health (NIH) 
and Department of Energy (DOE) adopted 
a policy requiring that genomic data be 
released within 6 months after generation 
(7), a substantial reduction from the typi- 
cal 12- to 18-month period required by other 
government-funded projects (3, 8). But by 
1996, leaders of the HGP realized that even 6 
months was too slow for the massive project. 
They convened in Bermuda and 
agreed that all HGP sequence 


ing some HGP leaders, the human genome 
sequence was fundamentally different from 
other large data sets: It represented the com- 
mon heritage of the human species and should 
not be encumbered by patents, a growing 
concern in the mid-1990s (0-12). By requir- 
ing rapid, prepublication data release of the 
human genome sequence, the ability of both 
the publicly funded data generators and oth- 
ers to patent the resulting data would be lim- 
ited (3-1/5). And, whereas delays built into 
previous policies gave data generators time to 
analyze results and prepare papers before the 
data became available to others, the Bermuda 
organizers sacrificed investigators’ publica- 
tion “priority” in the service of these other 
program goals. 


Latencies: Knowledge and Rights 
The framework for the information commons 
established by the Bermuda Principles and 
subsequent policies in the genome sciences 
can be thought of in terms of built-in tem- 
poral “latencies.” “Knowledge latency,” the 
period between the generation of a particular 
datum and its mandated release to the public 
commons (/6), is immediately followed by 
“rights latency,” the period between the entry 
of a datum into the commons and the lifting 
of substantial encumbrances on its use, such 
as those imposed by policy or contract. 
Latency characteristics of U.S. genomic 
data release policies (/7) have evolved since 
Bermuda (see the figure below). A number 


LATENCY VARIABLES IN GENOMIC DATA RELEASE POLICIES 


data be released to public data- Genomics agreement Year Knowledge Rights 
bases (e.g., NIH’s GenBank), latency latency 
without restrictions on subse- Funded by the U.S. federal government 
quent publication, within 24 —_NIH-DOE Guidelines 1992 6 months 0 
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Latency variables in genomic data release policies. Policies designated “short” do 
not specify an exact timeline for data release but do require that data be released as 
rapidly as possible after generation or validation. 
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Scientific information commons can be 
modulated by adjusting the twin “dials” 
of knowledge and rights latency. 


of factors contribute to the changes in these 
policies. For example, (1) concerns about aca- 
demic recognition and tenure “credit” have 
led to a greater demand for attribution among 
data generators and the desire for at least 
some priority in preparing publications based 
on “their own” data (/8, 9). (ii) Investigators 
whose work is driven primarily by the gen- 
eration and testing of hypotheses have proven 
to be less comfortable with rapid, prepubli- 
cation data release than investigators whose 
work has been driven primarily by the gen- 
eration of large data sets (8-20). And (111), 
issues regarding patenting of genetic material 
have taken on increasing prominence, together 
with the recognition by U.S. funding agencies 
that their ability to impose outright prohibi- 
tions on patenting by grant recipients is lim- 
ited by the Bayh-Dole Act of 1980 (2/, 22). 
To address these issues, genomics pol- 
icy-makers, after experimenting with a vari- 
ety of less-specific directives (23), began to 
adapt latency mechanisms to dictate how and 
when data should be released and used (25). 
Distinct approaches soon emerged, employ- 
ing latency-based rules to promote policy 
goals (e.g., access to data to promote scien- 
tific advancement, publication priority to pro- 
vide incentives and to reward researchers, and 
minimization of encumbrances on the use of 
data once entered into the commons). But the 
approaches prioritized these goals differently. 
A path taken by NIH is exemplified by 
the 2007 policy adopted for all NIH-funded 
genome-wide association stud- 
ies (GWAS) (26) (see the fig- 
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but data users must refrain from 

(6) publishing or presenting related 
(8) results during an “embargo” 
(38,39) period of up to 12 months. This 
(40) embargo, which may be imple- 
(26) mented via “click-through” 
(41) agreements or funding policy 
obligations (27), gives data 
generators a “head start” on 

(42) preparing publications based 
(28) on their data, yet data are still 


broadly available for the gen- 
eral advancement of science. 
Because the Bayh-Dole Act 
limits the government’s ability 
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to impose restrictions directly on patenting, 
this rapid data release requirement presents a 
means to frustrate patents that might other- 
wise restrict use of the data. 

An alternate approach has been taken by 
privately organized groups such as the Inter- 
national Serious Adverse Events Consor- 
tium (iSAEC). The consortium establishes 
a holding period of up to 12 months before 
data are made publicly accessible, during 
which data generators can exclusively ana- 
lyze and prepare papers (28). Compared 
with the NIH GWAS policy, this approach 
offers a stronger preservation of data gen- 
erator publication priority, but at the expense 
of overall scientific advancement (as the 
data are not available for public use during 
the 12-month priority period). Patent issues 
are addressed via a separate “defensive pat- 
enting” policy [a strategy not available to 
governmental agencies (29)], under which 
the consortium files patent applications on 
discoveries, thus establishing an early “pri- 
ority date,” but will subsequently contribute 
these rights to the public. 


Beyond Genomics 

The latency-based framework derived from 
genome commons policies has broader appli- 
cability to other scientific disciplines. Sci- 
entific information commons are under dis- 
cussion in areas ranging from microbiology 
(30) to global climate change (3/) to molecu- 
lar chemistry (32). Policy designers in these 
fields cannot adopt wholesale the approaches 
taken in the genome commons. For exam- 
ple, whereas it may have been appropriate 
for genome commons policies to limit pat- 
ent encumbrances on human DNA sequence 
data, such an approach may be inappropriate 
for other data sets, such as proprietary chemi- 
cal compounds. Thus, the unique attributes, 
history, and norms of a given discipline must 
shape its data-sharing paradigms. 

Issues associated with science commons 
have also been highlighted by the debate 
over open-access publishing and the poten- 
tial release of vast quantities of published 
and unpublished scientific information 
to the public. As with genome commons, 
policy-makers negotiating the contours of 
open-access databases have already begun 
to rely on timing mechanisms to balance 
the competing policy objectives of scien- 
tists, government, and publishers (33, 34). 
The key to developing successful informa- 
tion commons is striking the appropriate 
balance among these competing objectives. 
Commons weighted too heavily in favor 
of data users are not likely to attract suffi- 
cient contributions from data generators, 


whereas commons weighted too heavily in 
favor of data generators may not optimally 
advance the interests of science or the pub- 
lic. Thoughtful setting of temporal latency 
variables will result in scientific information 
commons that attract optimal quantities of 
data and thereby serve the overall advance- 
ment of science. 
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Launched at 36,000g 


Johan L. van Leeuwen 


ost mosses, including peat mosses 
of the genus Sphagnum (about 
285 species), disperse their spores 


by turbulent wind (/). In still air, spores (22 
to 45 um in size) sink at only 0.5 to 2 cm/s, 
ideal for wind dispersal (2). However, spore 
capsules, positioned on a short stalk, grow 
to heights of about 1 cm and do not extend 
into the atmospheric turbulent boundary 
layer (more than 10 cm above ground). 
Peat mosses solve this problem with an 
“air gun” mechanism that explosively dis- 
charges spores from a pressurized cylindri- 
cal capsule ~2 mm in length (see the figure), 
projecting spores over 10 to 20 cm (J-3). 
On page 406 of this issue, Whitaker and 


Capsule 


Spores 


Stalk 


tial and even turbulent flow regime, enabling 
spores to travel long distances by entering the 
dynamics of a larger-scale vortex ring. 

The power for the explosion stems from 
compressed air in the spore capsule. The 
intact mature capsule in peat mosses is 
spherical when wet. The upper portion of the 
capsule holds 20,000 to 240,000 spores (5), 
whereas the middle and lower portions con- 
tain air. As water evaporates from the epider- 
mis through pores, the capsule transforms 
into a cylindrical shape of approximately the 
same height (/, 4, 6). The epidermal cells 
shrink, thus decreasing the circumference of 
the capsule. The final volume of the cylin- 
drical capsule is only about three-eighths of 


Vortex ring 


Peat mosses project thousands of spores in a 
turbulent vortex ring from a millimeter-sized 
pressurized cylindrical capsule. 


the spores and traveling distance rises with 
increasing pressure and spore mass. 
However, there isa price to pay forincreased 
spore content, because the mechanical stress 
in the capsule wall is proportional to the inter- 
nal pressure and inversely proportional to the 
wall thickness. Hence, wall thickness needs to 
increase linearly with pressure and thus non- 
linearly with 1, if wall stress is kept constant, 
which seems reasonable for identical material 
properties and a fixed safety factor for rupture. 
The required ratio of spore/wall volume (see 
the figure) has a skewed parabolic shape and 
peaks at about 2.6 for n,. = 0.54, which is close 
to observed values of Whitaker and Edwards, 
and others (3, 4, 7). The multifaceted shape of 
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Spore discharge. (A) Spore capsule of Sphagnum fimbriatum on a short stalk. (B) 
The wet spherical capsule becomes cylindrical by drying. Quick release of the lid 
triggers spore discharge by internal air pressure. The jet of spores and air rolls up 
into a turbulent ring vortex that carries spores up to 15 to 20 cm. (C) Air pressure 
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(above ambient) rises nonlinearly with the volume fraction of spores (n,). Initial 
spore acceleration is highest for both low and high 7, because of low spore mass or 
high pressure. V___/V_ is the spore/wall volume ratio. Vertical tan line corresponds 
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Edwards (4) report that an upward-travel- 
ing turbulent vortex ring of spores and air is 
formed by this explosion within less than 0.2 
ms, carrying sufficient momentum to reach 
the turbulent boundary layer. 

The upward momentum of the air and 
spore mass determines the distance traveled 
by the spores. Whitaker and Edwards point out 
that the collective discharge of many spores is 
required to tip the aerodynamic balance from 
friction forces to inertial forces. A single spore 
projected at the same speed would decelerate 
so fast by viscous drag that it would travel only 
a few millimeters. The collective discharge of 
spores scales up the dynamics into the iner- 
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the original one, a reduction accomplished 
mainly by air compression. The change into 
an upright pressurized cylinder (see the fig- 
ure) promotes vertical launch of the spores. 
The volumes of air in the spherical (V,) 
and cylindrical (V,) states can be computed 
from the volume fraction of the spores (1...) 
and other tissues in the cylinder. Hence, air 
pressure in the cylinder (p,) can be derived 
from Boyle’s law (p,V, = p,V, = constant), 
setting p, equal to the ambient pressure. 
Even with the assumed isothermal condi- 
tions and taking 1, = 0.53, as observed for 
Sphagnum, a pressure (relative to ambient) 
of about 400 kPa (5 atm absolute pressure) 
is estimated, which is similar to previous 
measurements (3). Air volume in the cylin- 
der drops linearly with n,, but air pressure 
rises nonlinearly with n,.. The momentum of 
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to the predicted optimum in spore content, similar to observed n,. (2-4). 


the spores promotes packing efficacy while 
reducing the sinking speed in air (relative to 
spheres of similar size). 

The spore velocities recorded by Whita- 
ker and Edwards (which was time-resolved 
with ultrahigh-speed videos of 10* to 10° 
frames per second) were as high as 30 m/s. 
Such velocities require very high accelera- 
tions because the travel distance within the 
tiny capsule is only a millimeter or less. The 
lid is presumably released through a combi- 
nation of tension in the capsule wall (6, 7) and 
internal pressure, causing the sudden rupture 
of the relatively weak epidermal attachment 
ring, and enabling the upward acceleration 
of the spore mass by the vertical force of the 
compressed air (equal to air pressure times 
transverse area of the cylinder). Assuming 
that the compacted spores move initially as 
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one mass and applying Newton’s second law 
(force equals mass times acceleration), one 
can calculate an initial acceleration of about 
320,000 m/s* or 32,000g for a realistic n,, of 
0.54 and a density of the spores of 1200 kg/ 
m®. Higher values of n,, would lead to even 
higher accelerations. Whitaker and Edwards’ 
movie S3 shows that the spore cloud pro- 
gresses from rest by about 1.8 mm in 0.1 ms, 
representing an average speed of 18 m/s. If 
velocity increases linearly from rest, the 
actual speed is 36 m/s after 0.1 ms, resulting 
in an estimated acceleration of 360,000 m/s”, 
12.5% above the calculation. 

The energy stored in the compressed air 
(about 0.27 mJ for n,, = 0.54) is only partly 


used to accelerate spores. As long as the 
air expands within the capsule, this energy 
mainly converts into kinetic energy of the 
spores.When most spores have left the cap- 
sule, relatively more energy converts into air 
convection, heat, and audible sound (2). 
The upscaling principle elucidated by 
Whitaker and Edwards for peat moss has been 
exploited abundantly in nature for the disper- 
sal of microscopic items, whether reproduc- 
tive or waste products. Examples are found in 
other mosses, fungi (/), flowering plants [pol- 
len dispersal (S)], and microscopic waste dis- 
persal through water jets in filtering sponges 
and tunicates. We are only starting to discover 
and appreciate the wide array of unique solu- 


tions devised by nature to enhance the disper- 
sal of microscopic particles. 
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PHYSICS 


Pairs Rule Quantum Interference 


James D. Franson 


uantum interference is one of the 

most mysterious features of quantum 

mechanics. In fact, Feynman referred 
to the double-slit interference experiment 
for single particles as the “only” mystery in 
quantum mechanics (/). On page 418 of this 
issue, Sinha ef al. (2) describe a recent exper- 
iment that shows that quantum interference 
from a single photon arises only from pairs 
of possible paths through an interferometer. 
There is no need to invoke additional inter- 
ference terms that might arise from interac- 
tions of three or more paths. 

In classical mechanics, outcomes can 
be described directly with probabilities. In 
quantum mechanics, the probability of an 
outcome is obtained from probability ampli- 
tudes (wave functions) that may be negative 
or even take complex values. For example, 
if a single photon can traverse three possible 
paths through an interferometer to reach a 
detector, the different paths have probabil- 
ity amplitudes y,, y,, and y, (see the left- 
hand panel of the figure). The total probabil- 
ity amplitude wy for the photon to reach the 
detector is the sum y= y, + y, + y,, but 
this is not the probability P that the photon 
will reach the detector. Probability is calcu- 
lated by taking the square of the probability 
amplitude as 

P= lyr = w* w= ly, + y, + y,P 
(the magnitude of the complex number wy 
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is obtained by multiplying it by its complex 
conjugate y*). Unlike the classical situation, 
where the individual probabilities would 
simply add, probability amplitudes can add 
constructively or cancel destructively. These 
interference effects depend on the phase 
shifts encountered in each path. 


SINGLE-PHOTON 


INTERFEROMETER 
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Beam 
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Source 
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Pairwise through many paths. (Left) A single-photon interferom- 
eter consists of a source, mirrors, beam splitters, and a detector. 
Quantum interference only occurs between pairs of optical paths, 
such as those labeled by the red and yellow dots, as verified in a 
recent experiment by Sinha et al. (Right) A two-photon interfer- 
ometer (3) is depicted in which quantum interference can occur 
between sets of four optical paths (where the subscripts L and S$ 
refer to long and short paths taken by photons A and B). Quan- 
tum interference effects arise regardless of the distance between 


the interferometers. 


TWO-PHOTON 
INTERFEROMETER 


Quantum interference between many different 
pathways is simply the sum of the effects from 
all pairs of pathways. 


Ifa measurement had been made, it would 
have revealed which one of the three paths 
the photon took while it was traversing the 
interferometer. Nevertheless, a single photon 
must somehow determine the phase shift in 
all three paths to give the correct interference 
effects. This is the fundamental “mystery” 
referred to by Feynman (/). The 
product of y* and y is a series of 
terms of the form y,* W,, So the 
detection probability should be 
determined by interference only 
between all possible pairs of 
paths through the interferometer 
(2). An example of such a pair 
of paths is indicated in the panel, 
left of the figure by the red and 
yellow dots, one of which comes 
from y* and the other from y. 

Sinha et al. performed a care- 
ful series of measurements in 
which there were three possible 
paths that a single photon could 
take through an interferometer. 
By blocking off various combina- 
tions of paths, they measured the 
contributions from all possible 
pairs of paths, which were found 
to contribute at least 99% of the 
total detection probability. This 
sets an upper limit of approxi- 
mately 1% for any contribution 
from three or more paths, which 
is consistent with their experi- 
mental error. They performed the 
measurements using true single 


23 JULY 2010 VOL329 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDIT: ADAPTED BY P. HUEY/SCIENCE 


Downloaded from www.sciencemag.org on July 22, 2010 


photons from a nonclassical source, as well as 
using weak laser pulses with an average occu- 
pation of much less than one photon. 

These ideas can be generalized to two- 
photon interferometers (3, 4), where there 
will be interference between sets of four opti- 
cal paths. This case is illustrated with the two- 
photon interferometer in the right-hand panel 
of the figure (3), where a pair of entangled 
photons (ones that are nonclassically corre- 
lated) pass through two distant interferome- 
ters. The photons are known to be emitted at 
the same time, but that time is uncertain in 
the quantum-mechanical sense (a superposi- 
tion state). If both photons are detected at the 
same time, they must have traveled the same 
distance because they were emitted simulta- 
neously. Thus, there is a probability ampli- 
tude y, , W,,, that both photons took the longer 
paths and another probability amplitude y,, 
W,, that both photons took the shorter paths. 

The square of the sum of these probabil- 
ity amplitudes now involves interference 
between four optical paths, such as 


Wis - Vip i VWsi Vs» 


as illustrated once again by the red and yel- 
low dots. The probability that photon A will 
be detected depends not only on the phase 
shifts in the interferometer that it passed 
through but also on the phase shifts in the 
distant interferometer. Any classical expla- 
nation of these results would require infor- 
mation to be transmitted faster than the 
speed of light c (3); indeed, a recent experi- 
ment showed that the information transfer 
would need to be four orders of magnitude 
faster than c (5). This situation does not vio- 
late special relativity because the photon 
detection outcomes cannot be controlled 
by an experimenter to send messages faster 
than c. Multiparticle interference of this kind 
only involves interference between pairs of 
more complicated probability amplitudes 
and could be tested in future experiments. 
The development of a theory that com- 
bines quantum mechanics with general rel- 
ativity is one of the major research goals 
of modern physics. If gravity can be quan- 
tized, it would be possible in principle to 
perform quantum interference experiments 


PERSPECTIVES 


similar to those of the figure with gravitons 
instead of photons. The unification of these 
two fundamental theories is complicated 
by a number of factors, including the fact 
that summing up all of the possible prob- 
ability amplitudes gives infinite results that 
are nonphysical—that is, mathematical sin- 
gularities in the theory do not appear to be 
renormalizable to finite values. Small mod- 
ifications to quantum mechanics may be 
necessary to achieve a consistent theory of 
quantum gravity, and experiments of this 
kind may be useful in setting limits on what 
modifications are allowed. 
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MEDICINE 


Wnt Fans the Flames in Obesity 


Da Young Oh and Jerrold M. Olefsky 


besity is linked to major adverse 
health outcomes such as insulin 
resistance and type 2 diabetes (/). 
The mechanisms underlying insulin resis- 
tance in this state are multiple and complex, 
including the recruitment of immune cells, 
particularly macrophages, to adipose tissue. 
This results in chronic, low grade inflam- 
mation that is causally associated with insu- 
lin resistance. With obesity, adipose tissue 
mass expands and adipocyte (fat cell) size 
increases. Collectively, adipocytes consti- 
tute the body’s largest endocrine organ, pro- 
ducing an array of peptide hormones called 
adipokines (2). On page 454 of this issue, 
Ouchi et al. (3) report that a protein secreted 
by adipocytes acts as an anti-inflammatory 
adipokine, restraining the chronic inflam- 
matory state and consequently improving 
insulin sensitivity. 
Adipocytes respond to an increase in 
adipose tissue mass by secreting chemo- 
kines that attract monocytes (4, 5). These 
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then become activated proinflammatory 
adipose tissue macrophages that secrete 
cytokines which work locally through para- 
crine mechanisms to cause decreased sen- 
sitivity to insulin in nearby adipocytes (6). 
The macrophages also secrete chemokines 
that recruit further waves of monocytes into 
the adipose tissue, creating a feed-forward 
chronic proinflammatory state. The general 
outline of this scenario is well recognized, 
but the mechanisms underlying this multi- 
step process are not completely understood. 

Ouchi et al. now incorporate the func- 
tion of the cellular Wnt signaling pathway 
in macrophages and adipocytes into this sce- 
nario. The Wnt proteins regulate cell prolif- 
eration, differentiation, and developmental 
processes in many organisms. They are a 
family of secreted glycoproteins that signal 
through a cell surface receptor called friz- 
zled (Fz) to stimulate either a noncanonical 
or canonical signaling pathway (7) (see the 
figure). The canonical pathway stabilizes the 
cytoplasmic protein B-catenin, leading to 
increased transcription of target genes. The 
noncanonical pathway stimulates guanosine 
triphosphatases (RhoA and Rac1), leading 
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The balance between two factors released 
by mammalian fat cells controls the degree 
of inflammation and insulin sensitivity in 
adipose tissue. 


to activation of the serine-threonine kinase 
c-Jun N-terminal kinase 1 (JNK1). 

Ouchi et al. show that Wnt5a, which 
stimulates the noncanonical pathway, is 
expressed in mammalian adipose tissue. Its 
expression in mice was induced by a high 
fat diet and obesity. In mouse immune cells, 
WntS5a activated JNK1, which triggered a 
proinflammatory response. In insulin target 
cells, such as adipocytes, activated JNK1 
impairs the activity ofa target protein called 
insulin receptor substrate—1 (IRS-1), lead- 
ing to decreased insulin signaling and the 
development of insulin resistance (8). Using 
gene array analyses, Ouchi et al. found that 
expression of the secreted frizzled-related 
protein five (Sfrp5) is high in mouse adi- 
pocytes, but is decreased in various rodent 
models of obesity. Sfrp5 acts as a decoy 
receptor that binds and sequesters WntSa in 
the extracellular environment, thus prevent- 
ing activation of Fz and attenuating nonca- 
nonical Wnt signaling. Therefore, the obe- 
sity-induced decrease in Sfrp5 production 
by adipocytes, along with increased Wnt5a 
expression, should lead to enhanced inflam- 
matory signaling and insulin resistance, 
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Adipocyte rheostat. Wnt5a stimulates the noncanonical Wnt signaling pathway 
in adipocytes by binding to frizzled (Fz), which stimulates a pathway that activates 
dishevelled (Dvl) and JNK1. Sfrp5 is secreted from adipocytes and sequesters Wnt5a, 
preventing pathway activation of this pathway. This allows adipocytes to respond 


to insulin. In the obese state, adipocytes enlarge and secrete more Wnt5a, but less 
Sfrp5. This allows activation of the noncanonical Wnt pathway, which blocks insulin 
signaling and causes insulin insensitivity. Macrophages present in obese adipose tis- 
sue also respond to Wnt5a and produce proinflammatory cytokines. 


precisely the situation in obesity. 

Ouchi et al. also observed that when put 
on a high fat diet, mice genetically engi- 
neered to lack Sfrp5 showed greater adi- 
pose tissue inflammation and insulin resis- 
tance due to unrestrained WntSa activity. 
By contrast, overexpression of Sfrp5 in adi- 
pocytes of these animals blocked Wnt5a 
activity and prevented the inflammatory, 
insulin resistant state. Likewise, systemic 
administration of Sfrp5 into animals lack- 
ing Sfrp5 improved the overall state of glu- 
cose intolerance and insulin sensitivity and 
diminished inflammation. Overall, these 
studies make a strong argument that the bal- 
ance between Wnt5a and Sfrp5 expression 
serves as a rheostat to control the degree of 
noncanonical Wnt signaling in adipose tis- 
sue macrophages and adipocytes, which, in 
turn, modulates inflammation and the state 
of insulin sensitivity. 

Ouchi et al. also probed the cellular 
mechanisms underlying these effects and 
determined that JNK1 is a control point for 
Wnt signaling input to inflammatory and 
metabolic events. When the authors treated 
mouse macrophages with a small molecule 
JNK1 inhibitor, the stimulatory effect of 
Wnt5a on proinflammatory cytokine release 
was blocked. Furthermore, a lack of JNK1 
in the Sfrp5-null mice reversed the effect of 


Sfrp5 depletion to promote inflammation 
and insulin resistance. 

The concept that noncanonical Wnt sig- 
naling promotes a proinflammatory state in 
adipose tissue adds a new layer to our under- 
standing of obesity and raises several ques- 
tions. Activation of the noncanonical Wnt 
pathway in various cell types has pleiotro- 
pic effects on many different biological pro- 
cesses, including cell adhesion, migration, 
actin cytoskeletal organization, lymphopoi- 
esis, and inflammation. In adipose tissue of 
obese individuals, is the increased signaling 
by this pathway restricted to inflammation or 
does it link to these other processes as well? 
The insulin resistance of obesity and type 
2 diabetes is systemic, involving liver and 
skeletal muscle, in addition to adipose tis- 
sue. One question is whether noncanonical 
Wnt signaling in muscle and/or liver could 
interact with the insulin signaling pathway 
in these tissues. Similarly, does systemic 
administration of Sfrp5 block noncanonical 
Wnt signaling directly in muscle and liver, 
or are its effects to improve insulin sensitiv- 
ity in these tissues indirect? 

Stepping back from the more detailed 
mechanisms, there are general questions 
that now arise from the observations of 
Ouchi et al. How do proinflammatory 
events in adipose tissue communicate with 


the other major insulin target tissues, mus- 
cle and liver, to establish a state of systemic 
insulin resistance? What is the teleologic 
purpose of immune cell invasion into adi- 
pose tissue during the course of obesity? 
This understanding will guide the develop- 
ment of therapeutics, which could include 
harnessing the insulin sensitizing effects of 
Sfrp5 to treat obesity-related insulin resis- 
tance. Such approaches are greatly needed 
as there is now an enormous health burden 
in the United States (9) and other coun- 
tries brought about by the rising incidence 
of obesity, type 2 diabetes, and associated 
metabolic diseases. 
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PHILOSOPHY OF SCIENCE 


Machine Science 


James Evans and Andrey Rzhetsky 


cientists today cannot hope to manu- 
S ally track all of the published science 

relevant to their work. A cancer biolo- 
gist, for instance, can find more than 2 million 
relevant papers in the PubMed archive, more 
than 200 million Web pages with a Google 
search, and databases holding results from 
experiments that produce millions of giga- 
bytes of data. 

This explosion of knowledge is changing 
the landscape of science. Computers already 
play an important role in helping scientists 
store, manipulate, and analyze data. New 
capabilities, however, are extending the reach 
of computers from analysis to hypothesis. 
Drawing on approaches from artificial intel- 
ligence, computer programs increasingly are 
able to integrate published knowledge with 
experimental data, search for patterns and 
logical relations, and enable new hypoth- 
eses to emerge with little human interven- 
tion. Scientists have used such computational 
approaches to repurpose drugs, functionally 
characterize genes, identify elements of cel- 
lular biochemical pathways, and highlight 
essential breaches of logic and inconsistency 
in scientific understanding. We predict that 
within a decade, even more powerful tools 
will enable automated, high-volume hypoth- 
esis generation to guide high-throughput 
experiments in biomedicine, chemistry, phys- 
ics, and even the social sciences (/). 

Proponents of data-driven science (2-4) 
conjecture that hypotheses are obsolete: New 
knowledge will simply emerge from mechan- 
ical application of algorithms that mine data 
for plausible patterns. This approach is attrac- 
tive, but there are potential pitfalls. The dis- 
covery of patterns from data alone is similar 
to the task faced by an explorer in an unfamil- 
iar jungle, without a guide. With no sense of 
what is already known about the environment 
or its perils, she is likely to misclassify what 
she sees—fearing the intimidating but harm- 
less snake; ignoring the tiny lethal frog. 

Recent research demonstrates how sci- 
entists can use computers to become better- 
informed and more agile explorers. New 
computational tools can expand the pool of 
concepts and relations used for generating 
automated hypotheses by (i) drawing more 
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from the vast corpus of published science, 
and (ii) synthesizing new higher- and lower- 
order concepts and relations from the existing 
pool of knowledge. This approach can enable 
scientists studying a particular natural sys- 
tem, such as a biochemical pathway, to iden- 
tify and fill in missing pieces, and traverse 
reasoning chains much longer than those 
possible with the unaided mind. For example, 
researchers have used computation to increase 
the number of candidate genetic aberrations 
considered in synthesizing hypotheses about 
disease (5—7). They have also increased the 
number of potential biological activities 
involved in describing new gene functions (8, 
9) and ironed out past errors (/0). Similarly, 
scientists have used computation to increase 
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Soon, computers could generate many useful 
hypotheses with little help from humans. 


naud’s blood disorder and that magnesium 
deficits are linked to migraine headaches. 
This heuristic relies on an implicit under- 
standing of scientific communities and pub- 
lishing norms. It assumes that unpublished 
ideas within a research community are less 
valuable than ideas that link seemingly unre- 
lated communities. Within a subfield, scien- 
tists are typically familiar with all of “their 
own” ideas, so unpublished connections more 
likely represent negative knowledge—super- 
ficially plausible ideas that participants know 
are wrong from experience. Unpublished 
ideas about subjects (such as the role of par- 
ticular molecules or genes) that cross subfield 
boundaries, however, are much more likely to 
represent unasked questions. A recent analy- 


AB BC 


ABC 


Logical leaps. Scientific knowledge and concepts can be represented as jigsaw puzzle pieces that, with the 
help of new computational tools, can be assembled into new hypotheses. In Swanson’s ABC model, if the 
literature from one scientific subfield includes two concepts (A, red, and B, yellow), and the literature from 
another subfield includes B and C (blue), then an analyst may computationally infer that A and C are directly 
or indirectly related, potentially leading to new hypotheses that cross subfield boundaries. 


the potential number of proteins and metabo- 
lites involved in biochemical networks, and 
to generate predictions about which locations 
in those networks could be altered to improve 
health (//) and to identify elements misiden- 
tified as participating in a network (/2). 
Merely increasing the pool of concepts 
and relations, however, would simply gener- 
ate multitudes of low-quality hypotheses. Sci- 
entists can profitably restrict that multitude 
by using a selection process that draws on 
insights into the social, cultural, and cognitive 
production of science. For example, Swanson 
pioneered the ABC model of hypothesis gen- 
eration, which focuses on hypotheses that 
cross boundaries between distinct scientific 
literatures. If concepts A and B are studied in 
one literature, and B and C in another, Swan- 
son assumed transitivity to hypothesize that A 
implies C (see the figure and fig. S1). He then 
demonstrated that novel A-to-C inferences 
were likely to be true, although unlikely to be 
arrived at via other means (/3—/6). Through 
this approach, Swanson hypothesized that 
fish oil could lessen the symptoms of Ray- 
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sis of biomolecules common to several fields 
of biomedicine, for instance, suggests that 
many communities could profit from gener- 
ating predictions that bridge field boundaries 
and link disparate properties of these mole- 
cules or other scientific concepts. (/7). 
Automated expansion of concepts and 
relations across community boundaries is 
severely constrained by incompatibilities 
in the language used by different scientific 
communities (/8, /9). Because subfields 
have distinct histories, they often use differ- 
ent language to express the same concept, or 
similar terms to refer to unrelated entities. If 
researchers could computationally map these 
languages onto one another, as some are 
beginning to do with medical terminologies 
(20), they could vastly increase the number 
of possible hypotheses. Mapping concepts 
across languages would highlight parallels 
in theories from different domains, as well 
as changes in meaning with time (semantic 
drift) and multiple meanings (polysemy). 
These differences could be computationally 
mined to identify novel conceptual linkages. 
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By prioritizing hypotheses that contain con- 
cepts spanning existing scientific theories, 
languages, and cultures, investigators could 
productively focus on the most novel (2/). 

Analysts can also increase the pool of con- 
cepts and relations by computationally syn- 
thesizing new concepts and relations from 
those previously published. Computers have 
been deployed to “coarse grain” or identify 
new, higher-order aggregates of established 
concepts within studies of biological path- 
ways, medical syndromes, and social classes 
(22). Scientists have also discovered new 
relations by identifying regular similarities 
between existing elements (23, 24). They 
have efficiently constricted the vast number 
of possible new aggregates by focusing on 
those that share physical properties or pat- 
terns, or integrate components of a broader 
system, such as a particular disease. 

In the past, computational approaches 
have been more successful in small, well- 


defined systems than in larger, less studied, 
or more complex ones. The explosion of data 
from high-throughput experiments, how- 
ever, increasingly presents researchers with 
very complicated systems. Facing these data 
with questions equal in scale and complexity 
will be critical because, in the words of Mark 
Twain, “you can’t depend on your eyes when 
your imagination is out of focus” (25). 
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PLANETARY SCIENCE 


Carbonates and Martian Climate 


Ralph P. Harvey 


he case for global climate change on 

Mars is neither ambiguous nor argu- 

able. Cold, dry, and dusty right now, 
the surface of Mars shows ancient fluvial 
valley networks, catastrophic flood chan- 
nels, sediment-filled basins, and many other 
features that require stable liquid water 
at the planet’s surface. Such observations 
from orbit (/) imply that ancient Mars was 
substantially warmer than it is today. The 
favored scenario to heat up a young Mars 
is greenhouse warming driven by a thick, 
primitive CO,-rich atmosphere of the kind 
thought common to all the terrestrial plan- 
ets (2). Clearly, the greenhouse phase didn’t 
last long for Mars. As a result, almost every 
model for martian climate history includes 
an appreciable drawdown of CO, by precipi- 
tation of carbonates. However, only a small 
fraction of the carbonates predicted by this 
theory have been detected. On page 421 of 
this issue, Morris et al. (3) report the detec- 
tion of ample carbonates dispersed within 
the subsurface, thereby strengthening argu- 
ments that CO, played a major role in the 
early martian climate system. 
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Carbon’s geochemical cycle, as origi- 
nally modeled for Earth, involves interac- 
tions between the atmosphere and the hydro- 
sphere that can dramatically influence global 
climate. Atmospheric CO, goes into solution 
in liquid water relatively easily and can stay 
there in cool conditions. This alone can draw 
down a large amount of CO,. Furthermore, 
the resulting fluid, carbonic acid (H,CO,), 
reacts with the silicate minerals of the crust to 
weather the rock and release calcium, magne- 
sium, and iron ions into the water. These ions 
can promote the precipitation of solid carbon- 
ates, (Ca,Mg,Fe)CO,. Because carbonates 
remain stable under a great variety of near- 
surface conditions within the crust, they offer 
an effective and convenient storage medium 
for sequestering CO,. 

With the evidence for fluvial activity on 
early (and only early) Mars, progressive “fix- 
ing” of atmospheric CO, has been consistently 
favored by climate modelers. This theory ade- 
quately explains why, for the first billion years 
or so, Mars was warmed by an active green- 
house strong enough to support abundant 
liquid water and an active hydrologic cycle. 
Given our understanding of the links among 
atmospheric CO, levels, carbon sequestra- 
tion, and greenhouse warming on Earth, the 
CO, drawdown explanation for martian cli- 


The detection of large volumes of carbonates 
reasserts the importance of carbon dioxide 
in martian climate history. 


mate change seems rational. Unfortunately, 
this martian climate jigsaw puzzle is missing 
a key piece: The widespread and/or massive 
deposits of carbonate minerals are nowhere 
to be found. Earth-based and orbital spectro- 
scopic studies suggest at best an upper limit of 
a few percent within observable surface mate- 
rials, around 20 to 30% of the amount needed 
for the accepted climate models (4, 5). 

The result has been a cottage industry in 
explanations as to why we don’t see massive 
carbonate on Mars (6, 7). These explanations 
have two prominent themes. First is that our 
base-level assumption of an early martian 
climate primarily controlled by atmospheric 
CO, is too simplistic, either because other 
important chemical species were ignored or 
because the atmosphere simply never had the 
required mass. Certainly the former is true. 
Landers, rovers, and orbiters have directly 
detected an abundance of sulfate-dominated 
deposits, offering clear evidence that sul- 
fur species played a role in the early martian 
climate (8). Like CO,, atmospheric SO, is a 
greenhouse gas whose complex geochemical 
cycle includes dissolution into surface waters, 
acid weathering of surface rocks, and precipi- 
tation as relatively stable solids (9). CO, and 
SO, differ in stability and solubility under 
changing conditions of pH, pressure, and tem- 
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perature, and hence their actions are related in 
complex and competitive ways. Nonetheless, 
it is clear that increasing the assumed amount 
of SO, in the early atmosphere decreases both 
the amount of CO, needed for an early mar- 
tian greenhouse and the amount of carbonate 
“missing” from surface materials (/0). Other 
active species such as methane and chlorine 
are known for Mars and must have played 
roles as well, but our limited ground truth for 
Mars equally limits our ability to model their 
effects on its climate. 

The second explanation for the missing 
martian carbonate is that it is hidden, either 
originally deposited only at depth or covered 
and interbedded with dust and other sedi- 
ments. Conveniently, this explanation requires 
the carbonate to be difficult to see; but given 
Mars’ history of localized tectonics and aeo- 


200 um 


o 
a we 
= 2 


lian exhumation, we should occasionally see 
its feet sticking out from under the bed sheets. 
Careful study of orbital imagery has revealed 
fine-scale grabens, “thumbprint” terrains, 
and other dissected landscapes resembling 
terrestrial karst terrains, where acidic surface 
waters dissect laterally extensive carbonate 
deposits (//). Unfortunately, such landscapes 
have equally compelling interpretations as 
periglacial and thermokarst terrains (where 
the dissolving subsurface deposits are pre- 
dominantly ice rather than carbonate) (/2). 
Another way to hide the carbonate is to 
disperse it widely in the subsurface. In this 
scenario, carbonate-charged fluids produced 
by acidic weathering deposit carbonate when 
temperatures, pH, or water volume change; 
if such changes are periodic or episodic, the 
carbonate can be constantly remobilized. The 


In search of carbonates. Three direct detections of martian carbonate at different scales. (A) False-color back- 
scattered electron image of a thin section of Antarctic martian meteorite ALH84001, sample 303. Fractures 
within this rock often contain layered or spherical precipitated Mg-Fe-Ca carbonates (orange) with abundances 
approaching 1% by volume. (B) CRISM false-color composite of CRISM image FRTO00093BE showing carbon- 
ate-bearing layers (green) detected in the Nili Fossae region of Mars, interbedded with mafic volcanic materials 
[from (13)]. (C) Left Pancam nonlinearized image of the Comanche outcrop acquired on sol 693 of Spirit's mis- 
sion to Gusev crater at approximately 14:32:35 Mars local solar time, using filter 7 (432 nm). 
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powerful Compact Reconnaissance Imaging 
Spectrometer for Mars (CRISM) aboard the 
Mars Reconnaissance Orbiter has enabled the 
positive identification of carbonate-rich lay- 
ers in the well-exposed (and well-altered) Nili 
Fossae area (/3) (see the figure, panel B). Also, 
the Phoenix lander has positively identified 
carbonate near the martian north polar soils, 
present at levels high enough to buffer acidic 
solutions added to samples during onboard 
analysis (14). There are also samples of dis- 
tributed martian carbonate: Fractures within 
the oldest martian meteorite (ALH84001) 
contain a percent or two of magnesium, iron, 
and calcium carbonate by volume (/5, /6) (see 
the figure, panel A). Unfortunately, although 
these observations strongly support distrib- 
uted carbonate formation on early Mars, they 
confirm only its presence and do not constrain 
the amount that may be present. 

The findings of Morris et al. help carbon- 
ate once again take up the leading role in the 
martian climate change drama. Using nearly 
every instrument available on the Rover Spirit 
and 5 years of careful calibration and anal- 
ysis, the Mars Exploration Rover team has 
puzzled out the composition of the “Coman- 
che” outcrop on the flanks of the Columbia 
Hills (see the figure, panel C). The three rocks 
that make up this outcrop contain roughly 
25% (by weight) of carbonate similar in com- 
position to that seen in ALH84001. Although 
it is possible that the Comanche rocks repre- 
sent a unique local occurrence rather than an 
example of something prevalent Mars-wide, 
the setting (Gusev crater) is far from excep- 
tional, so the latter is certainly plausible. And 
if such rocks are common, a primordial atmo- 
sphere rich in CO, levels again makes sense 
for early Mars. 
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ECOLOGY 


Filtering Wildlife 


Justin S. Brashares 


n 24 April 1903, US. 
President Theodore 
Roosevelt stood before 


a crowd outside Gardiner, Mon- 
tana, and dedicated the world’s 
first national park as a place where 
“the wild creatures of the Park 
are scrupulously preserved...” 
(1). Thirty years later, scientists 
reported the local extinction of 
Yellowstone National Park’s 
“white-tailed deer, cougar, lynx, 
wolf, and possibly wolverine 
and fisher...” (2, 3). More than 
100,000 protected areas world- 
wide now follow in Yellowstone’s 
footsteps, both in their goal of 
preserving wildlife and in the dif- 
ficulties they face in achieving 
this goal. A growing literature 
highlights the diverse and com- 
plex threats faced by wildlife in 
protected areas, and the pressing 
need for better tools and moni- 
toring programs for predicting, 
understanding, and addressing 
wildlife declines. 

Protected areas are the undis- 
puted backbone of wildlife con- 
servation efforts on land and at 
sea. Analysts often use the pace 
and scale of their creation to 
assess global conservation strat- 
egies (4). Yet conservation biolo- 
gists have long warned that even 
well-managed protected areas will 
lose species over time, and of the 
risks of relying on such areas as 
reservoirs for nature (5). Recent research sug- 
gests that habitat protection reduces extinc- 
tion rates but also that extinctions occur reg- 
ularly in protected areas of both developing 
and developed nations and at rates faster 
than predicted by conservative models (6, 7). 
Alarmingly, there appear to be few obvious 
patterns to these extinctions that might allow 
conservationists to predict and protect those 
species most likely to be at risk (7—/0). 

At first glance, the causes of wildlife 
declines in a protected area may seem obvi- 
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Filtered out. Wildlife in protected areas (top) face a range of threats that can be 
envisioned as “extinction filters” (colored disks) passing through an ecological 
community. Species most vulnerable to a given threat, or to the combined or syn- 
ergistic impacts of multiple threats, face local extinction (bottom). 


ous. Excessive hunting, for instance, effec- 
tively extirpated wolves, mountain lions, 
and other large carnivores from Yellowstone 
National Park (2). Modern extinctions in pro- 
tected areas, however, are seldom so easily 
attributed to one cause. Recent studies link 
them to an array of threats that vary, often 
unpredictably, across time and space (7—10). 
They range from global phenomena such as 
climate change and atmospheric pollution, to 
regional issues such as shifts in fire regimes, 
disease dynamics, or invasive species, to more 
localized threats such as overharvest, habitat 
conversion, and the effects of isolation. These 
threats can interact both additively and syn- 
ergistically to create syndromes of extinc- 


Climate change 


“Extinction filters” help visualize complex 
threats faced by wildlife in protected areas. 


tion that confound diagnosis 
and remedy (7—//). A final layer 
of complexity is that each threat 
can have a unique impact that 
depends on an animal’s vulner- 
ability, as determined by life his- 
tory and other traits (5). 
“Extinction filters” pro- 
vide a useful, though static, tool 
for visualizing these complex 
threats, and predicting wild- 
life declines in protected areas. 
In this approach, each threat is 
envisioned as a filter that passes 
repeatedly through a wildlife 
community, selectively remov- 
ing species most vulnerable 
to that threat and leaving less 
susceptible species (/2). This 
framework assumes that (i) each 
filter selects on different traits of 
species and at varying strengths 
over time and space; and (ii) fil- 
ters may act in conjunction or 
synergistically to heighten spe- 
cies’ vulnerability. Characteriz- 
ing any threat as a single filter, 
however, can be misleading. Cli- 
mate change, for example, often 
is envisioned as an extinction 
filter, but realistically may be 
viewed as a phenomenon that 
creates or exacerbates myriad 
other filters (e.g., disease, fire, 
drought, and habitat change). 
As with other threats, and 
shown elegantly in new work 
by Gilman et al. (1/) and dis- 
cussed elsewhere (S—10), the direct impacts 
of climate change, fire, disease, and other fac- 
tors may be dwarfed over time by their indi- 
rect effects on species interactions. 

In light of this complexity, it is not surpris- 
ing that even the most informed macro-scale 
reviews of threats to species and systems fail 
to identify a “smoking gun” responsible for 
declines. For example, recent studies of wild- 
life declines across India (7) and the extinc- 
tion risk of mammals globally (8, /0) reveal 
multiple, often overlapping pathways to 
extinction. Similarly, in a review of declines 
of marine species and ecosystems, Jackson 
(9) reasonably devotes equal attention to 
exploitation, pollution, habitat destruction, 
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climate change, and the indirect and syner- 
gistic impacts of these threats. What might be 
more surprising is that even micro-level case 
studies struggle to attribute wildlife declines 
to a specific cause. Three new studies of wild- 
life declines in Australia’s protected areas 
demonstrate this point. 

In a detailed multiyear study in Kakadu 
National Park, Woinarski et al. (13) sys- 
tematically surveyed small mammals and 
observed a 65% decline in species richness 
and a 75% decline in abundance from 1996 
to 2009. Importantly, the researchers sug- 
gested that causes of the declines were spe- 
cies-specific and may have involved the indi- 
vidual or combined effects of changes in fire 
frequency and habitat structure, increases in 
invasive predators (feral cats and cane toads), 
and other factors that were not easy to mea- 
sure. Fire and invasive predators also feature 
as likely culprits in new research by Firth et 
al. (14) on the extinction of the brush-tailed 
rabbit-rat in Australia’s Garig Gunak Barlu 
National Park. Here, the authors experimen- 
tally determined that dry-season fires sig- 
nificantly reduced wildlife survival, but they 
also observed population declines in their 
unburned control areas and concluded that 
additional threats were at work. In contrast 
to these studies, Ford et al. (15) found that 
invasive species and fire played no major role 
in the decline of the brown treecreeper and 
hooded robin in New South Wales, Australia, 
but did observe powerful, lagged effects of 
isolation due to habitat loss and fragmenta- 
tion over the past 100 years. Together, these 
studies emphasize the site- and species-spe- 
cific drivers of wildlife declines. They also 
emphasize that the factors responsible for 
endangering a species may be distinct from 
the challenges experienced by dwindling 
populations of survivors. This point is illus- 
trated tragically by the recent extinction of 
mountain caribou in Canada’s Banff National 
Park; years of population decline from habi- 
tat loss, isolation, and apparent competition 
with moose ended with the death of the last 
known individual in an avalanche (/6). 

Research over the past 20 years shows 
that wildlife persistence is often positively 
associated with the size, connectedness, 
and remoteness of protected areas and the 
intactness of surrounding ecosystems (/7). 
Beyond this, though, there are few obvious 
patterns or golden rules for predicting wild- 
life declines in protected areas. The lesson 
from this research, however, is not that we 
must surrender to the indecipherable com- 
plexity of modern declines and resign our- 
selves to inaction. Instead, we need to move 
away from broad generalizations and toward 
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species- and community-specific approaches 
to conservation. A critical first step is a 
renewed commitment to wildlife monitoring 
in protected areas. The nearly exponential 
growth rate of protected areas since 1903 has 
greatly outpaced the allocation of resources 
for monitoring. Governments have used debt 
relief, foreign aid, direct payments, and other 
methods to incentivize the creation of pro- 
tected areas in developing regions. Yet, there 
exist strikingly few incentives or resources 
for monitoring the fate of biodiversity in pro- 
tected areas of the developing or developed 
world. While conservation science has made 
headway in quantifying the effectiveness of 
protected areas, our heavy reliance on habitat 
cover trends, expert opinion, and question- 
naires does not allow us to fully understand 
or affect the dynamics of wildlife decline. 
Intensive, long-term monitoring is essential 
to gaining empirical knowledge of synergies 
among threats, the role of indirect effects, 
and other questions critical to minimizing 
species loss in protected areas. 
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Seeing the Light of Day 


Constance Cepko 


A potential gene therapy approach could restore some vision to patients with retinitis pigmentosa. 


uman beings are highly dependent 

on vision. It is our most well-devel- 

oped and cherished sense, giving us 
color vision with high acuity during the day 
as well as excellent sensitivity at night. Vision 
begins with light reception by specialized 
cells in the retina, a thin sheet of neural tissue 
that lines the inside of the eyeball (/). Rod 
photoreceptors provide for sensitivity in dim 
light, whereas cone photoreceptors provide 
for color vision in bright light. Unfortunately, 
photoreceptors are very sensitive to genetic 
insults. Mutations in more than 200 genes can 
lead to blindness, more than 40 of which lead 
to the disease retinitis pigmentosa (2, 3). This 
disorder typically is due to a mutation in a 
gene expressed only in rods, and thus individ- 
uals with retinitis pigmentosa mutations are 
often born night-blind. Between ages 20 and 
60, cone-mediated vision deteriorates (4), 
leading to total blindness. The poorly func- 


Department of Genetics and Department of Ophthalmol- 
ogy, Howard Hughes Medical Institute, Harvard Medical 
Schoo, Boston, MA 02115, USA. E-mail: cepko@genetics. 
med.harvard.edu 


Published by AAAS 


VOL 329 23 JULY 2010 


tioning cones in retinitis pigmentosa are the 
target of a potential gene therapy approach 
reported by Busskamp et al. on page 413 of 
this issue (5). 

When stimulated, most neurons are 
depolarized and release more neurotrans- 
mitter. Photoreceptors are unusual, becom- 
ing hyperpolarized when stimulated (by 
light). Thus, for a signal to mimic light, the 
signal must hyperpolarize a photoreceptor. 
Halorhodopsin, a light-activated chloride 
pump of archaebacteria (6), does just that. 
Busskamp ef al. delivered halorhodopsin 
[using an adeno-associated vector (AAV)] 
to cone photoreceptors in two mouse mod- 
els of retinitis pigmentosa, hoping to bypass 
the need for the normal light sensor (opsin) 
in cones and the normal phototransduc- 
tion process. Indeed, the authors detected 
light-induced electrical currents in the vec- 
tor-infected photoreceptor cells, not unlike 
those measured in normal cones in which 
light stimulates cone opsin. In a normal ret- 
ina, neurons that receive signals from pho- 
toreceptors extract patterns of interest, such 
as those that convey the direction of motion 
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Sphagnum Moss Disperses Spores 


with Vortex Rings 


Dwight L. Whitaker? and Joan Edwards” 


(phagnum moss forms deep mats cover- 
S* over 1.5 million km* or 1% of Earth’s 

land surface (/) and is important in the 
global carbon cycle, potentially storing more 
carbon than any other plant genus (2). With over 
285 species (3), often with specific microhabitats, 
long-distance spore dispersal by wind is critical 
in maintaining this genus (/). To travel long dis- 
tances, Sphagnum spores must move through the 
laminar boundary layer into the turbulent bound- 
ary layer (up to 10 cm above the ground), where 
eddies can carry small particles upward and lat- 
erally (4). The terminal velocity of Sphagnum 
spores is 5 mm s | (5, 6), indicating that any up- 
draft exceeding this quantity is sufficient to hold 
them aloft. However, spores with low terminal 
velocities rapidly decelerate in still air, and dis- 
persal range depends on release height, which 
is limited for this nonvascular plant. Here, we 
show that the mechanism Sphagnum uses to pro- 
ject spores to heights suitable for dispersal is the 
generation of turbulent vortex rings: ellipsoidal 
bubbles of distributed, toroidal vorticity whose in- 
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Fig. 1. (A) Sphagnum affine capsule transformed 
from round to cylindrical. (B) A longitudinal section 
of a capsule showing spore distribution before ex- 
ploding. (C) Trajectory of spore launch. The observed 
height (circles) and width (triangles) of the spore 
cloud versus time from video recorded at 4000 
frames per s. Blue and green curves are predicted 
trajectories of a single spore ballistically launched 
through still air (6). (D) Sequential video frames of 
an exploding capsule recorded at 10,000 frames 
per s with 20-us exposure. 


ternal flow fields sustain their translational mo- 
tion (6). 

To reach turbulent air, spores are explosively 
liberated. Our observations show that spores reach 
heights that cannot be explained by ballistic tra- 
jectories. On sunny days capsules dehydrate, and 
epidermal cells of the capsule body collapse lat- 
erally, causing capsules to change shape from 
spherical to cylindrical (Fig. 1A) and increasing the 
intemal air pressure to between 200 and 500 kPa 
(7). Eventually pressure forces the cap to break 
free in under 10 ° s, vertically propelling the air 
and spores (Fig. 1D and movies S1 to S4) with an 
average launch velocity of 16 + 7 ms! (mean + 
SEM, n = 15, range from 7.9 to 29.8 ms') toa 
mean height of 114 + 9 mm (mean + SEM, n = 12, 
range from 90 to 166 mm). These heights can- 
not be explained by ballistics. Spores launched 
ballistically with the measured initial velocity of 
13 ms | would reach a maximum height of only 
2 to 7 mm in under 0.5 ms. Whereas after 5 ms, 
spores traveled over 40 mm while still moving 
at3 ms | (Fig. IC). 
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High-speed videos indicate that the generation 
of turbulent vortex rings by exploding capsules is 
responsible for the continued trajectory. The sud- 
den release of air and entrained spores from the 
circular capsule opening provides the cylindrically 
symmetric impulse required to generate vortex 
rings (8). The spores in the images reveal the char- 
acteristic mushroom cloud indicative of turbulent 
vortex rings (Fig. 1D and movies S2 and S3) (6). 
Spores uniformly distributed over a height of 1 mm 
in the capsule (Fig. 1B) are concentrated to a height 
of only 0.3 mm in the vortex bubble that grows to a 
constant width (Fig. 1C). The drag coefficient, Cp, 
for the vortex bubble in Fig. 1C is between 0.06 and 
0.17 (6). This agrees with drag measured for vortex 
rings in water (Cp = 0.09 + 0.01) (9) and indicates 
the efficiency with which Sphagnum vortex rings 
travel through still air. 

Vortex rings are commonly generated by animals 
such as jellyfish and squid for propulsion (/0). Here, 
we report vortex rings generated by a plant. The 
enhanced dispersal from vortex rings explains in part 
the success of Sphagnum, a nonvascular plant that 
has thrived even after the appearance of land plants 
with the benefit of well-developed vascular systems. 


References and Notes 

1. H. Rydin, J. Jeglum, The Biology of Peatlands (Oxford 
Univ. Press, Oxford, 2006). 

2. R. S. Clymo, P. M. Hayward, Bryophyte Ecology, 
A. J. E. Smith, Ed. (Chapman and Hall, New York, 1982). 

3. C.B. McQueen, R. E. Andrus, in Flora of North America North 
of Mexico, Flora of North America Editorial Committee, Ed. 
(Oxford Univ. Press, Oxford, 2007), vol. 27, pp. 45-101. 

4. P.H. Gregory, The Microbiology of the Atmosphere 
(Wiley, New York, ed. 2, 1973). 

5. S. Sundberg, Ann. Bot. (London) 105, 291 (2010). 

6. Materials and methods are available as supporting 
material on Science Online. 

7. S. Nawaschin, Flora 83, 151 (1897). 

8. G. K. Batchelor, An Introduction to Fluid Dynamics 
(Cambridge Univ. Press, Cambridge, 1967). 

9. T. Maxworthy, J. Fluid Mech. 64, 227 (1974). 

10. J. O. Dabiri, Annu. Rev. Fluid Mech. 41, 17 (2009). 
11. This work was supported in part by NSF Major Research 
Instrumentation award 0722532. The authors thank 
D. C. Smith and C. D. Mitescu for comments; R. Andrus 

for species identification; and E. Chang, A. Conwill, 
C. Hard, M. Hirai, N. Mitchell, and N. Piatczyc for 
technical assistance. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/329/5990/406/DC1 
Materials and Methods 

Fig. $1 

References 

Movies S1 to 54 


29 March 2010; accepted 26 May 2010 
10.1126/science.1190179 


‘Department of Physics and Astronomy, Pomona College, 
Claremont, CA 91711, USA. E-mail: dwight.whitaker@pomona. 
edu “Biology Department, Williams College, Williamstown, MA 
01267, USA. E-mail: joan.edwards@williams.edu 


23 JULY 2010 VOL 329 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on July 22, 2010 


Reactivation of Hepatic EPO 
Synthesis in Mice After PHD Loss 


Yoji Andrew Minamishima and William G. Kaelin Jr.* 


red blood cell production. The liver is the 

major source of EPO during embryogenesis. 
After birth, however, the kidney assumes this role, 
and hepatic EPO production is largely silenced. 
This switch has profound medical implications. For 
example, 20 million Americans have renal disease, 
of whom 10 to 20% are anemic. Treatment with 
pharmacological doses of recombinant EPO is 
costly, requires parenteral administration, and has 
been linked to cardiovascular side effects and 
increased mortality (/). 

EPO transcription is regulated by HIF (hypoxia- 
inducible factor). The HIFa subunit is normally 
prolyl hydroxylated by a PHD (prolyl hydroxylase 
domain) protein, leading to its polyubiquitination 
by the von Hippel-Lindau protein (pVHL) and 
subsequent degradation. Under hypoxic conditions, 
however, PHD activity decreases and HIFo. accu- 
mulates. HIFo, bound to HIF8, transcriptionally 
activates genes such as EPO. The canonical HIF 
family members, HIF1o and HIF1B, and most HIF 
target genes are ubiquitously expressed. In con- 
trast, expression of EPO and HIF2a, which regu- 
lates EPO in both the liver and kidney, is more 
restricted. 

PHD2 is the primary HIFo. prolyl hydroxylase 
and is required for embryonic development (2). 
Silencing PHD2 in adult mice causes increased 
renal, but not hepatic, EPO production and polycy- 
themia (overproduction of red blood cells) (3, 4). 
PHD1 and PHD3 are nonessential genes that fine- 
tune the HIF response (5). 

The PHDs belong to a superfamily of ~70 2- 
oxoglutarate—dependent dioxygenases (2). These 
enzymes can be inhibited with druglike mole- 
cules, some of which induce hepatic EPO synthe- 
sis in anephric mice (6). Conceivably this reflects 
their ability to inactivate the PHDs. However, 
inactivation of other 2-oxoglutarate-dependent di- 
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oxygenases, including enzymes that affect chroma- 
tin, might also be involved. 

To determine whether PHD loss is sufficient 
to reactivate hepatic EPO production, we created 
mice with livers lacking PHD1, PHD2, PHD3, or 
combinations thereof by using null (Phd/ and 
Phd3) and floxxed (Phd2) alleles (5). Phd2 or, as 
acontrol, Vhi, was inactivated by using Cre recom- 
binase driven by a hepatocyte-specific transgene 
(7). Hepatic inactivation of PHD1, PHD2, or 
PHD3 alone did not increase EPO or hematocrit 
values (Fig. 1, A and B, and fig. S1). Consistent 
with previous data (3), hematocrits were modestly 
increased in mice lacking PHD1 and PHD3 (Fig. 
1B and fig. S1). Loss of all three PHDs, however, 
dramatically increased EPO and hematocrit val- 
ues (Fig. 1, A and B, and fig. S1). Indeed, these EPO 
concentrations vastly exceeded those achieved 
after renal PHD2 inactivation (4, 5, 7). 

HIFo. concentrations, particularly HIF2o con- 
centrations, were conspicuously elevated in livers 
lacking pVHL or all three PHDs, suggesting that 
exceeding a threshold amount of HIF2o. is suf- 
ficient to drive hepatic Epo expression (Fig. 1, A 
and B). The development of polycythemia in mice 
expressing a stabilized version of HIF2a in the 
liver supports this idea (8). Although hepatic Vh/ 
inactivation causes benign tumors (7), we have not 
observed tumors in PHD-defective mice. 

The albumin promoter that we used to express 
Cre becomes active during late embryogenesis, 
before completion of the switch from the liver to 
the kidney as the main EPO source, raising the 
possibility that PHD inactivation can prevent, but 
not reverse, silencing of the hepatic Epo locus. To 
address this, we inactivated Phd2 in 4- to 8-week- 
old Phdl—/-;Phd2 flox/flox;Phd3—/- mice by using 
a ubiquitously expressed Cre-estrogen receptor 
fusion protein, which was activated by tamoxifen 
(Fig. 1C) or by tail vein injection of an adenovirus 
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encoding green fluorescent protein (GFP)}-Cre 
(fig. S1). Both interventions reactivated hepatic 
EPO synthesis (Fig. 1C and fig. S1). These ef- 
fects were specific because they were not seen 
in Phd2+/+ mice or in mice given an adenovirus 
encoding GFP alone (fig. S1). 

These findings, together with earlier work, sug- 
gest that PHD2 inactivation is sufficient to induce 
near maximal renal EPO production whereas in- 
activation of all three PHDs is needed to reactivate 
hepatic EPO production. Thus, drugs that inhibit 
all three PHDs will probably be required to treat 
anemia linked to chronic renal failure, whereas 
drugs that inhibit PHD2 alone might suffice in 
nephric patients. 

Certain features of HIF agonists suggest that 
they may be safer than pharmacological doses of 
EPO. For example, HIF activates a suite of genes 
dedicated to erythropoiesis and might therefore 
promote red blood cell production at lower circu- 
lating EPO concentrations. Moreover, HIF activates 
genes, such as inducible nitric oxide synthase, that 
might lower blood pressure and cardiovascular 
risk. Whether any of these theoretical benefits are 
real remains to be determined in clinical trials. 
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that Phd2 KO and Vhl KO are liver-specific. Error bars indicate 1 SEM. (B) Im- 
munoblots of livers from 4-week-old mice as in (A). Mean hematocrits (Hct) are 
also shown. (C) Real-time RT-PCR analysis of hepatic Epo mRNA from 4-week-old 
mice with indicated genotypes 1 week after tamoxifen treatment. n = 3. **P < 
0.01. Error bars indicate 1 SEM. 
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Fig. 1. Hepatic EPO synthesis. (A) Real-time reverse transcription polymerase 
chain reaction (RT-PCR) analysis of hepatic Epo mRNA (solid bars) and serum Epo 
concentrations (open bars) in 4-week-old male mice with indicated genotypes. n = 
3 mice per group. Pound symbols indicate P < 0.0001 comparing indicated 
genotype versus wild type (wt). DKO, double knockout; TKO, triple knockout. Note 
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Switched Magnetospheric Regulation 
of Pulsar Spin-Down 


Andrew Lyne,’* George Hobbs,” Michael Kramer,”? Ingrid Stairs,* Ben Stappers* 


Pulsars are famed for their rotational clocklike stability and their highly repeatable pulse shapes. 
However, it has long been known that there are unexplained deviations (often termed timing noise) 
from the rate at which we predict these clocks should run. We show that timing behavior often results 
from two different spin-down rates. Pulsars switch abruptly between these states, often quasi- 
periodically, leading to the observed spin-down patterns. We show that for six pulsars the timing noise 
is correlated with changes in the pulse shape. Many pulsar phenomena, including mode changing, 
nulling, intermittency, pulse-shape variability, and timing noise, are therefore linked and are caused by 
changes in the pulsar’s magnetosphere. We consider the possibility that high-precision monitoring of 
pulse profiles could lead to the formation of highly stable pulsar clocks. 


eutron stars form in the supernova col- 

| \ | lapse of the cores of exhausted massive 

stars and are composed of some of the 

densest and most extreme matter in the observ- 

able universe. Pulsars are rapidly rotating, highly 

magnetized neutron stars. As they rotate, intense 

beams of electromagnetic radiation may sweep 

across Earth, resulting in pulses that are often 

observed with radio telescopes, enabling their 
rotation to be studied with high precision. 

Pulsars are among the most stable rotators 
known in the universe. Over long time spans, 
the fastest-spinning pulsars, known as millisecond 
pulsars, even rival the stability of atomic clocks (/). 
Although they slow down gradually because of the 
conversion of rotational energy into highly ener- 
getic particles and electromagnetic waves, a simple 
spin-down model using only the pulsar’s rotational 
frequency v and its first time derivative v is often 
sufficient to reveal timing properties that, for in- 
stance, allow high-precision tests of the theory of 
general relativity (2) and may also allow direct de- 
tection of gravitational waves (3—5). However, not 
all pulsars seem to be perfectly stable clocks. 

The pulsar timing technique (6, 7) is used to 
compare pulse arrival times at an observatory with 
times predicted from a spin-down model. Many 
pulsars show a phenomenon known as timing noise, 
in which seemingly quasi-random walks in the ro- 
tational parameters are observed. The largest study 
of such a kind (8) recently presented the rotation 
properties of 366 pulsars, measured mainly with the 
Lovell Telescope at Jodrell Bank. This long-term 
monitoring of pulsars over 40 years made it pos- 
sible to study phenomena in many pulsars over 
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decadal time scales. It was shown that the majority 
of the pulsars were found to have significant irreg- 
ularities in their rotation rate. The differences be- 


Fig. 1. Pulsar timing re- 
siduals relative to a simple 


tween the observed and predicted times, known as 
the pulsar timing residuals, can be less than a few 
milliseconds over more than 30 years, but in other 
cases timing residuals can be as large as many sec- 
onds. In contrast to the standard models held for the 
past ~40 years, it was found that these timing irreg- 
ularities are often quasi-periodic, with long (~1- to 
10-year) time scales. Here we present a description 
of these irregularities and how they are related to 
changes in pulse shape, linking many peculiar and 
unexplained time-dependent phenomena observed 
in pulsars. 

Pulsar time scales. Many of the properties of 
pulsars are not perfectly stable, and they vary over 
a wide range of time scales. Rotational periods 
range from milliseconds to seconds. The structure 
and brightness of individual pulses are observed to 
vary significantly, but the average of many hundreds 
of individual pulses (on a time scale of minutes) is 
usually stable, leading to a characteristic profile that 
is often unique to a pulsar. On time scales of sec- 
onds to hours, some pulsars are observed to exhibit 
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either nulling events, during which the pulse emis- 
sion switches off, or mode-changing events in 
which the observed pulse profile changes abruptly 
between two (sometimes three) well-defined shapes. 
On longer time scales, PSR B1931+24 has recent- 
ly been described as an intermittent pulsar, which 
relates to the fact that it undergoes extreme nulling 
events (9), displaying quasi-periodic behavior in 
which the pulsar acts as a normal pulsar for typ- 
ically 5 to 10 days before switching off, being un- 
detectable for ~25 days, and then abruptly switching 
on again. On even longer time scales, stable har- 
monically related periodicities of ~250, 500, and 
1000 days have been reported in the rotation rate 
and pulse shape of PSR B1828-11. The perio- 
dicities have generally been interpreted as being 
caused by PSR B1828-11 freely precessing (/0), 
even though it had been argued that this was not 
possible in the presence of the superfluid com- 
ponent believed to exist inside neutron stars (//). 

Discrete pulsar spin-down states. The pat- 
terns observed in the timing residuals of a sample 
of 10 pulsars (Fig. 1) are typical of the sample 
presented in (8) and highlight the main results 
of that paper: (i) the residuals are dominated by 
quasi-periodic structures and (ii) the residuals are 


generally asymmetric, in that the radii of curvature 
of local maxima are often consistently different 
from those of local minima. Clear examples are 
seen in PSRs B0950+08, B1642-03, B1818—04, 
B1826-17, and B1828-11. In several cases, no- 
tably PSRs B0919+06 and B1929+20, relatively 
rapid oscillations lie on lower-frequency structures. 

Structures in the timing residuals have been 
widely discussed in the literature. Sudden in- 
creases in the pulsar’s rotation rate are known as 
glitches and are explained by the sudden unpin- 
ning of superfluid vortices in the interior of the 
neutron star (/2). An apparently related phenom- 
enon known as slow glitches has been described 
(13, 14), characterized by a slow permanent in- 
crease in rotation rate but no substantial change in 
the slow-down rate, and also identified with the 
interior of the neutron star. The low-frequency 
structures seen over short data spans were thought 
to represent either random walks in the pulse fre- 
quency and/or its derivatives (/5, /6) arising from 
instabilities within the neutron star superfluid inte- 
rior, multiple microglitches (/7), free precession of 
the neutron star (/0), asteroid belts (78), magneto- 
spheric effects (/9), interstellar or interplanetary 
medium effects (20), or accretion of material onto 
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the pulsar’s surface (2/). Timing residuals for the 
youngest pulsars in (8) are dominated by the 
recovery from glitch events, sometimes having 
occurred before the start of observing. In general, 
for the remaining pulsars it was shown that, with 
long data spans, the low-frequency structures are no 
longer dominant but are now understood as re- 
stricted pieces of much longer-term oscillatory struc- 
tures, often with asymmetric maxima and minima. 
Any model explaining timing noise therefore needs 
to explain these commonly occurring features. 

The analysis of PSR B1931+24 (9) showed that 
the pulsar spin-down rate switched by ~50% be- 
tween the on and off states, with the pulsar spinning 
down faster when the radio signal was detectable. 
The quasi-periodic nature of the time between state 
changes and the difference in time spent in each 
state lead naturally to oscillatory, asymmetric timing 
residuals (fig. S1). The existence of two discrete 
spin-down rates in PSR B1931+24 and the sim- 
ilarities between such timing residuals and those 
shown in Fig. | suggest that a similar model could 
be applied to the timing noise seen in all pulsars. 

The variation in the spin-down rate v (f) for 17 
pulsars demonstrates that the observed structures in 
the timing residuals arise from a pulsar’s v moving 
between a small number of values, and frequently 
in an oscillatory manner (Fig. 2). In some cases, 
more complex structure is seen. For instance, in PSR 
B1642-03, we observe peaks in v followed by a 
sudden change to a more negative v value before a 
slow gradual rise. In PSR B1828-11, in addition to 
the oscillatory structure, we observe a long-term grad- 
ual linear change in v across the data span. We con- 
centrate on the dominant features of this figure: The 
value of v changes between a few (typically two) 
well-defined values, often in a quasi-periodic manner. 

In order to quantify the behavior, we measured 
the peak-to-peak values of v for each pulsar (Table 
1). Additionally, for each of the time sequences in 
Fig. 2, we have performed Lomb-Scargle (22) and 
wavelet (23) spectral analyses. As expected, some 
of the resultant spectra (figs. S2 and S3) show 
narrow, highly periodic features, whereas others 
show broader, less well-defined peaks. 

Pulse-shape variations. Following the impli- 
cations of the study of PSR B1931+24 that 
changes within the magnetosphere are respon- 
sible for variations in both the spin-down rate and 
the emission process (9), we have sought changes 
in the pulse shapes of pulsars that showed the 
greatest fractional changes in spin-down rate in 
the timing noise study. Six pulsars show changes 
in pulse shape that are clearly visible (Fig. 3). 
From inspection of the profiles in Fig. 3, for each 
pulsar we selected the simplest shape parameter 
that would discriminate between the two extreme 
pulse-shape states, such as the full widths at 10, 
50, or 75% (Wio, Wso, or W3s) or Weg, the equiv- 
alent width (see the supporting online material for 
details on how these were determined and their 
implications for the timing residuals). For six pul- 
sars, the observed changes in v are indeed directly 
related to changes in pulse shape (Fig. 4). In most 
cases, the two quantities clearly track one another, 
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and there is strong evidence for either correla- 
tion or anticorrelation in all six cases (fig. $4). It 
is not clear whether the imperfect correlations 
are intrinsic or arise from the sparse sampling of 
the time series or from measurement errors. 
Some of the pulse profiles suggest that in- 
creased || is associated with increased amplitude of 


Table 1. Measured parameters of 17 pulsars presented in Fig. 2, as well as PSR B1931+24, which is 
also discussed in the text. We give the pulsar names, rotational frequency v, and the first derivative v, 
followed by the peak-to-peak fractional amplitude Av/v of the variation seen in Fig. 2. The pulsars are 
given in order of decreasing value of this quantity. We also present the fluctuation frequencies F of the 
peaks of the Lomb-Scargle power spectra (fig. $2), with the widths of the peaks or group of peaks given 
in parenthesis in units of the last quoted digit. 


the central (often described as core) emission rela- Pulsar name J2000 name e aid . Comment 
tive to the surrounding (or conal) emission (Fig. 3). (Hz) = (Hzs™*°)— (%) ~— (year) 
PSR B1822-09 exhibits a main pulse, a precursor, g7931424* 4193342421. 1.229 12.25. 44.90 13.1(7) Intermittent pulsar 
and an interpulse (24, 25). For the high-|vj state, the 2935436 © J2037+3621 1.616 = 12.05 13.28 ~——0.02(2)._-——28% change in Weg 
precursor is weak and the interpulse is strong, with 31993407 4190540709 «1.543 = 11.76 = 6.80-—0.36(113) 
the reverse occurring for the smaller-|y| state. Clear- 4294342740 — J2043+2740 10.40 -135.36 = 5.91. -——0.11(5) 100% change in Wso 
ly, some changes in v are associated with large pro- g4g22-09 = J1825-0935 1.300 = 88.31 «3.28 ~——0.40(7) 100% change in Apc/Amp 
file changes (for example, PSRs J2043+2740 and g1642-03 ~~ J1645-0317. 2.579 = 11.84 2.53 —«0.26(7) 
B1822-09), whereas smaller profile changes are g4839409 = 184140912 —-2.622 -7.50 2.00 — 1.00(15) 
also observable if sufficiently high-quality data are g1549-06 1543-0620 1.410 -1.75 1.71 ~~ 0.24(2) 12% change in Wao 
available (as in PSR B1540-06). B2148+63  —-J2149+6329 2.631 -118 1.69 — 0.33(7) 

Although the main impression given by the gygig-o04 —J1820-0427. 1.672 ~=--17.70-«0.85—SsO0.11(1) 
traces in Fig. 4 is that they are bounded by two ex- g9950408 = J0953+0755 3.952 -3.59 0.84  0.07(3) 
treme levels, there are substantial, and often repeated, 4714-34 41717-3425. 1524. -22.75 0.79 -~—Ss«.26(4) 
subtle changes that are synchronized in both shape 1997400 —-J1909+0007 ‘0.983 5.33 0.75 —-0.15(2) 
parameter and v. The shape parameters for the gig2g-11. 41830-1059 2.469 365.68 = 0.71-~—0.73(2)¢ 100% change in Wyo 
observations of PSRs B1822-09, B1828-I1, and g7g26-17. 41829-1751 3.256 «= 58.85 —0.68_~—=i0.33(2) 
B2035+36 imply that they spend most of the time 9919406 092240638 ~=2.322,S ~-73.96 —«0.68_~—=i2«.6 24) 
in just one extreme state or the other. This is essen-_g9749-28 —-J0742-2822 5.996 604.36 0.66 ~—_—2.70(20) 20% change in Wys 
tially the phenomenon of mode changing, which 1929429 —-4J193242020 3.728 «= 58.64 ~—0.31.-—S—«(0.59(2) 


410 


has been known since shortly after the discovery of 
pulsars (26-28, 24). In those papers, pulsars are re- 
ported to show stable profiles but suddenly switch to 
another stable mode for times ranging from minutes 
to hours. However, the time-averaged values of the 
shape parameters depend on the mix of the two 
states over the averaging period, and that varies 
with time, causing the slower changes in the shape- 
parameter curves and the spin-down rate curves. 
About 2500 days of detail in the shape parame- 
ters and spin-down rates of PSRs B1822—09 and 
B1828-11 (Fig. 5) illustrate how a slowly changing 
mix of the two states is reflected in the form of the 
smoothed shape curves. In PSR B1822-09, the 
events centered on modified Julian dates 51100 
and 52050 are the sites of slow glitches (/3, /4), 
which we confirm are not a unique phenomenon 
(8) but arise from short periods of time spent pre- 
dominantly in a small-|v|, large-precursor mode. 

Discussion. The large number of pulsars ob- 
served over many years in the Jodrell Bank data 
archive has allowed the identification of a sub- 
stantial number of pulsars that have large changes 
in v, some of which also have detectable, correlated 
pulse-shape changes. This correlation indicates that 
the causes of these phenomena are linked and are 
magnetospheric in origin. The physical mechanism 
for this link is likely to be that suggested to explain 
the relationship between spin-down rate and radio 
emission in B1931+24; namely, a change in mag- 
netospheric particle current flow (9). An enhanced 
flow of charged particles causes an increase in the 
braking torque on the neutron star and also in the 
emission radio waves. 

The link between the spin-down rate and radio 
emission properties has not been established pre- 
viously, mainly because the time scales of the long- 
established phenomena of mode changing and 


*Data from reference (9). 
discussed in (20). 


tNote the presence of a second harmonic at F = 1.47(2) year”, 
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Fig. 3. (A to F) The inte- 
grated profiles at 1400 
MHz of six pulsars that 
show long-term pulse- 


shape changes. For each 
pulsar, the two traces 
represent examples of 
the most extreme pulse 
shapes observed. The pro- 
file drawn in the thick line 
corresponds to the largest 
rate of spin-down lvl. 
The profiles are scaled 
so that the peak flux 
density is approximately 
the same. PSR B1822—09 
has an interpulse which 
is displayed, shifted by 
half the pulse period, in 
the second trace below 
the main pulse. 
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pulse nulling were much shorter than the time re- 
quired to measure any change in v. The extended 
high-quality monitoring of many pulsars has re- 
vealed long-term manifestations of these phenome- 
na and allowed their unambiguous association with 
the spin-down rates of pulsars, seen as timing noise. 


Pulsars can spend long periods of time in one mag- 
netospheric state or another, or in some cases switch 
rapidly back and forth between states, with the 
fractions of time spent in the two states often vary- 
ing with time. It has long been suspected that mode 
changing and nulling are closely related (29, 30). 
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Fig. 4. The average value of pulse-shape parameter and spin- 
down rate v measured for six pulsars. The lower trace in each 
panel (right-hand scale) shows the same values of v given in 
Fig. 2, whereas the upper trace gives a measure of the pulse 
shape, with the scale given to the left. Wyo, Wso, and W,; are 
the full widths of the pulse profile at 10, 50, and 75% of the 
peak pulse amplitude, respectively; Weg is the pulse equivalent 
width (the ratio of the area under the pulse to the peak pulse 
amplitude); and Ajd/Amp is the ratio of the amplitudes of the 
precursor and main pulse. The time over which a shape param- 
eter is averaged is the same as the time 7 given in Fig. 2 for the 
fitting of v. The uncertainty on a shape parameter is derived 
from the standard deviation of the individual values used to 
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determine the average. 


The intermittent pulsar B1931+24 has the largest 
fractional change in v in Table | and, as it com- 
pletely disappears, also has the largest apparent 
change in pulse shape. Mode changing and nulling 
therefore probably differ only in the magnitude of 
the changes in the magnetospheric current flows. 
There is a close linear relationship between Av and 
the spin-down rate |v| (fig. S5), indicating that the 
value of v switches by about 1% of the mean value, 
independent of its magnitude. 

We must also emphasize that (i) the fast change 
between the states indicates that the magneto- 
spheric state changes on a fast time scale, but can 
then be stable for many months or years before 
undergoing another fast change; (ii) whatever the 
cause of the state switching, for most pulsars it is 
not driven by a highly periodic (high-Q) oscilla- 
tion; and (iii) increased |v| is associated with in- 
creased amplitude of the core emission relative to 
conal emission. The fast state changes seem to rule 
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out free precession as the origin of the oscillatory 
behavior. PSR B1828-11 was considered unique 
in that it was the only pulsar that showed clear 
evidence for free precession (/0). Our model indi- 
cates that this pulsar is not unique and exhibits the 
same state-changing phenomenon shown here for 
other pulsars. 

If we could monitor a pulsar continuously, its 
magnetospheric state at any given time could be 
determined from the pulse shape. The state gives a 
measure of the spin-down rate, allowing the timing 
noise to be removed (an example is given in fig. 
S1). The most stable millisecond pulsars are being 
regularly observed from many observatories world- 
wide in the hope of making the first direct detection 
of gravitational waves (3/). The first-discovered 
millisecond pulsar, PSR _B1937+21, can be timed 
with high precision (of ~100 ns) over short data 
spans, but low-frequency timing irregularities dom- 
inate the timing residuals over data spanning more 


than ~3 years (32), making this pulsar potentially 
unusable for gravitational wave detection ex- 
periments. However, if magnetospheric state 
switching is responsible and can be applied to 
millisecond pulsars, then the timing irregularities 
can be modeled and removed, raising the pos- 
sibility of producing an essentially stable clock. 
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sars, whereas traces (B) and (E) show the values of shape param- 
eter for individual observations, which are typically between 6 
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Photoreceptors Restores Visual 
Responses in Retinitis Pigmentosa 
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Retinitis pigmentosa refers to a diverse group of hereditary diseases that lead to incurable blindness, 
affecting two million people worldwide. As a common pathology, rod photoreceptors die early, whereas 
light-insensitive, morphologically altered cone photoreceptors persist longer. It is unknown if these 
cones are accessible for therapeutic intervention. Here, we show that expression of archaebacterial 
halorhodopsin in light-insensitive cones can substitute for the native phototransduction cascade and 
restore light sensitivity in mouse models of retinitis pigmentosa. Resensitized photoreceptors activate 
all retinal cone pathways, drive sophisticated retinal circuit functions (including directional selectivity), 
activate cortical circuits, and mediate visually guided behaviors. Using human ex vivo retinas, we 

show that halorhodopsin can reactivate light-insensitive human photoreceptors. Finally, we identified 
blind patients with persisting, light-insensitive cones for potential halorhodopsin-based therapy. 


etinitis pigmentosa (/, 2) is the result of 
Re mutations in more than 44 genes 

expressed in rod photoreceptors (3), 
which then degenerate, causing loss of night vision. 
Subsequently, cone photoreceptors, which are re- 
sponsible for color and high-acuity daytime vision, 
progressively lose their photoreceptive outer seg- 
ments, leading to overall blindness. Despite this loss 
of sensitivity, cone cell bodies remain present lon- 
ger than rods in both humans and animals (4-6), 
but it is not known whether these light-insensitive 
cells can be reactivated or if information from 
them can still flow to downstream visual circuits 
(Fig. 1A) for a substantial time window after the 
loss of photosensitivity (7). 

To restore light-evoked activity in light- 
insensitive cone photoreceptors, we genetically 
targeted a light-activated chloride pump (S—/0), 
enhanced Natronomonas pharaonis halorhodop- 
sin (eENpHR) (//, 12), to photoreceptors by means 
of adeno-associated viruses (AAVs) (/3, /4). 
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Light-activated chloride pumps are rational candi- 
dates for reactivating vertebrate photoreceptors, 
as both eNpHR-expressing cells (2) and healthy 
photoreceptors hyperpolarize in response to in- 
creases in light intensity. We selected two animal 
models of retinitis pigmentosa for gene therapy, 
both of which lead to retinal degeneration (RD). 
Cnga3’ ~: Rho’ double-knockout mice served 
as a model of slow forms of RD (s-RD mice) (/5), 
and Pde6b™' (also known as rd1) mice modeled 
fast forms of RD (fRD mice) (/6). Targeted ex- 
pression of eNpHR was accomplished with the 
use of three cell-specific promoters (Fig. 1B): (i) 
human rhodopsin (hRHO) (77), (ii) human red 
opsin (hRO) (78), and (ii1) mouse cone arrestin-3 
(mCAR) (/9). 

To assess the effectiveness and specificity of 
the promoters, we used eNpHR fused to enhanced 
yellow fluorescent protein (EYFP) (Fig. 2, A to I) 
(71). It is important to restrict the expression of 
eNpHR to photoreceptors only, because eNpHR 


Fig. 1. Scheme of the A 
excitatory pathways of 
cone retinal circuitry in 
WT and RD retinas. (A) 
Cone photoreceptors (cPR) 
in WT retinas (left) detect 
light with photopigments 
in their outer segments 
(OS). Cone cell bodies are 
located in the outer nucle- 
ar layer (ONL). Cones pro- 
vide input to ON and OFF 
bipolar cells (BC) that 


wild-type 
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in downstream retinal circuit elements, such as 
ON-bipolar and ON-ganglion cells, may inhibit the 
flow of information across the retina. Enhanced 
green fluorescent protein (EGFP)-expressing 
AAYs were used as controls throughout this study 
(fig. S1). We selected the hRO and mCAR pro- 
moters for s-RD mice (Fig. 2, B and C) and the 
mCAR promoter for f-RD mice (Fig. 2F), on the 
basis of their ability to selectively drive expression 
of eNpHR-EYFP in a high percentage of cone 
photoreceptors (figs. S2 and $3). 

The life span of cones in RD mice defines the 
window of opportunity for reactivation. There- 
fore, we tested EYFP or EGFP expression driven 
by the mCAR promoter at different time points 
during retinal degeneration. Surprisingly, EYFP 
and EGFP expression lasted more than eight 
months (Fig. 3A, fig. S4, last tested f-RD at post- 
natal day 264 (P264) and s-RD at P255), longer 
than opsin protein expression [~P95 (5) or between 
P21 and P110 (20)]. We isolated these long-lasting 
AAV- transduced cells from f-RD retinas at dif- 
ferent time points and verified their identity by 
analyzing their ranscriptome (P110 to P220, fig. 
S5). Cone-specific genes were expressed in the 
isolated cells, whereas markers of other retinal cell 
types were absent, suggesting that AAV-labeled 
cells are altered cones, even at later stages of de- 
generation. The fact that opsin mRNA remained, 
whereas the opsin protein did not, suggests trans- 
lational down-regulation of opsins, as also shown 
before (20). We estimate that ~27% of cones re- 
main between P184 and P255 in s-RD and ~25% 
remain between P182 and P264 in f-RD mice 
(Fig. 3A). 

We tested whether eNpHR drives cone light 
responses in RD retinas at an age (P53 to P264, 
table S1) when many (s-RD) (/5) or all (f-RD) 
(20) rods have already died. eNpHR-EYFP- 
expressing photoreceptors in s-RD and f-RD 
retinas displayed larger (Fig. 3B and fig. S6), 
more sustained (Fig. 3C), and significantly faster 
(Fig. 3D) photocurrents than those of wild-type 
(WT) cones. The photocurrents peaked at 580 nm. 
Photoreceptors expressing only EGFP did not 


B 


=o ) 


have cell bodies in the inner nuclear layer (INL). Bipolar cells are connected to corresponding ON and OFF 
ganglion cells (GC). Ganglion cell bodies are in the ganglion cell layer (GCL), and their axons relay visual 
information to higher visual centers. The locations of inhibitory interactions mediated by horizontal cells in the 
outer plexiform layer (OPL) and by amacrine cells in the IPL are indicated by gray boxes. Light-insensitive RD 
cones (right) lack outer segments, but their cell bodies (green) persist longer than rods. (B) AAV-expression 
constructs. hRHO, hRO, or mCAR promoters drive eNpHR-EYFP. 
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react to light. The magnitude of photocurrents in 
eNpHR-transduced s-RD and f-RD mice were 
similar (Fig. 3B). The current size was indepen- 
dent of the holding voltage (Fig. 3E), a finding that 
is consistent with the view that the photocurrents 


are mediated by ion pumps (/0). Photocurrents 
and voltages were modulated across three loga- 
rithmic units of intensities (fig. S6). In the absence 
of functional outer segments, which normally 
generate currents that depolarize photoreceptors 


in the dark, RD photoreceptors were expected to 
stay hyperpolarized. A hyperpolarized state would 
limit the ability of eNpHR currents to modulate 
synaptic transmission. However, the recorded 
eNpHR-expressing RD photoreceptors were depo- 


hRHO-eNpHR-EYFP hRO-eNpHR-EYFP 


mCAR-eNpHR-EYFP 


Fig. 2. Targeted expression of a light-sensitive 
chloride pump in persisting photorecep- 

tors in RD retinas. (A to I) Cross sections 

of GFP-immunostained (35) retinas trans- 
duced by hRHO- (A, D, G), hRO- (B, E, H), (P50) 
and mCAR- (C, F, 1) eNpHR-EYFP AAVs in 

s-RD (A to C), f-RD (D to F), and WT (G to I) 
mice. Left panel of each pair, eNpHR- 
EYFP; right panel of each pair, co-stained 

with 4,6 -diamidino-2-phenylindole (DAPI). 

Scale bar, 20 um. 
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(C) Peak and steady-state photocurrents (0.5-s flash) in RD and 
WT animals. (D) Rise and decay time constants of eNpHR-mediated photocurrents compared with the rise time constant in WT photoreceptors. (E) eNpHR-mediated 
photocurrents in RD retinas at different holding voltages. Because the response properties in s-RD and f-RD mice were similar, the data from both mouse lines were 
grouped in panels (C to E). All WT cone response data shown in Fig. 3 were taken from (36). Error bars indicate SEM. 
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larized in the dark [—26 + 3 mV, 1 = 12 cones; see 
supporting online material (SOM)]. 

The ability of eNpHR-reactivated RD photo- 
receptors to convey information to downstream 
retinal circuits depends on the presence of func- 
tional photoreceptor-to-bipolar cell synapses. As 
retinal degeneration progresses, these synapses 
morphologically reorganize (3). However, they 
still possess elements of both pre- and post- 
synaptic machinery (5). To test for potential sig- 


nal flow from photoreceptors to ganglion cells, 
we recorded excitatory currents from ganglion 
cells, the output neurons of the retina. Ganglion 
cells in eNpHR-transduced s-RD and f-RD ret- 
inas displayed robust, light-evoked excitatory 
currents (Fig. 4A), indicating functional outer 
and inner retinal synaptic connections. The mag- 
nitudes of these excitatory currents were compa- 
rable to those in WT retinas (Fig. 4A). There were 
no measurable light-evoked currents in the 
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ganglion cells of retinas transfected with EGFP 
(Fig. 4A). 

The retina incorporates two major informa- 
tion channels that diverge at the level of bipolar 
cells and are physically separated by depth within 
the inner plexiform layer (IPL). ON cells are 
activated by light increments, whereas OFF cells 
are activated by light decrements (2/). The ac- 
tivity of ganglion cells is coded by action po- 
tentials (“spikes”) that form the output signal of 
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Fig. 4. Light responses in eNpHR-expressing RD retinas. For each functional test, 
individual examples are shown on the left, followed by statistics on the right. (A) Ganglion 
cell excitatory currents. (Left) Light-evoked excitatory currents in ON (top), ON-OFF 
(middle), and OFF (bottom) ganglion cells in eNpHR-expressing s-RD retinas. Gray bars 
show the timing of the full-field light stimulus. (Right) Magnitude of light-evoked peak 
excitatory currents in s-RD, f-RD, and WT mice; ON, OFF, and ON-OFF cells are pooled 
together. Full-field stimulus was used. (B) Ganglion cell spiking output. (Left) Top, spike 
recordings (four repetitions) from ON (left) and OFF (right) ganglion cells from an eNpHR- 
expressing f-RD retina; middle, spike frequency responses (gray bar shows the timing of a 
full-field light stimulus); bottom, corresponding cells filled with neurobiotin (green), 
choline acetyltransferase (magenta) as an IPL stratification marker, and DAPI staining 
H (white) to visualize nuclear layers. (Right) Peak spike frequency distribution in response to 
‘ full-field flash stimuli in s-RD, f-RD, and WT retinas. (C) Lateral inhibition. (Left) Top, spike 
: trains from an OFF ganglion cell in response to light stimulation with a white spot of 
increasing size (three repetitions); bottom, corresponding spike frequency. (Right) Number 
of spikes evoked by 1-mm-diameter spot stimuli (center + surround stimulus) relative to the number of spikes evoked by a 0.1- to 0.2-mm spot (center stimulus). 
(D) Directional selective responses. (Left) Spike recordings during stimulation with a fast-moving bar (width, 200 um; speed, 1.5 mm s~*; four repetitions) in the 
preferred direction (top) and in the opposite direction (“null” direction, bottom). Stimulus timing is shown by gray bars. (Right) Direction-selectivity index (35, 
37). (E) Light sensitivity. e¢NpHR-induced excitatory current responses in ganglion cells and photocurrents in photoreceptors as a function of light intensity. The 
gray lines at the bottom display the ranges of sensitivities for rods (only partially shown), cones, and intrinsically photosensitive ganglion cells (ipRGCs). The maximum 
light intensity at 580 nm allowed in the human eye, according to the 2006 European directives on artificial optical radiation (28), is shown by the vertical dashed line. 
In all panels, n, number of different cells from which we took our measurements; error bars, SEM; stars, statistical significance (35). Light intensity was 
107° photons cm? s™ for each experiment. 
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Fig. 5. Visually guided behavior in eNpHR-expressing RD mice. (A) Dark-light box experiment. 
Percentage of time the AAV-injected RD animals and WT mice spent in the light compartment. (B) Dark- 
light box test. Percentage of time mice spent in the light compartment as a function of light intensity. (C) 
Optomotor response score of eNpHR- or EGFP-expressing RD animals at different rotational speeds and 
spatial frequencies. rpm, revolutions per minute. In all panels, n, number of different animals; error bars, 
SEM; stars, statistical significance (35). 


Fig. 6. Translational aspects of eNpHR-EYFP—mediated reactivation of photoreceptors. (A) Retinal slice 
from a human retinal explant (24 hours postmortem). Scale bar, 30 um. (B) Fluorescent live image of a 
lentivirus-transfected area from a human retina after 7 days in culture and 2 days after lentiviral 
administration. Scale bar, 20 um. (C) Action spectrum of an eNpHR-expressing human photoreceptor 
stimulated with full-field light flashes ranging from 450 to 650 nm (top, current response; bottom, 
voltage response). Gray bars indicate the timing of the stimulus. (D) Representative OCT scan covering the 
foveal region of a healthy individual. (E) Magnified image. IS, inner segments; RPE, retinal pigment 
epithelium. Scale bar, 200 um. (F) OCT from the left eye of a 40-year-old male patient with sporadic 
retinitis pigmentosa (loss of vision since the age of 15). Outer segments are undetectable. 


the retina (22) and the input signal to higher brain 
centers. Notably, light stimulation evoked excit- 
atory currents and spiking activity in ganglion 
cells of eNpHR-transduced RD retinas, either at 
light increments, light decrements, or both (P53 
to P264; Fig. 4, A and B). The dendritic pro- 
cesses of morphologically reconstructed gangli- 
on cells were properly aligned in the corresponding 
ON or OFF strata (23) of the IPL (Fig. 4B). Gan- 
glion cell spike frequencies spanned similar ranges 
in s-RD, fRD, and WT retinas (Fig. 4B). Some 
ganglion cell types respond preferentially to 
changes in illumination and therefore spike tran- 
siently after a light step, whereas others rep- 
resent the level of illumination and thus spike 
in a more sustained manner. The dynamics of 
spiking activity in eNpHR-transduced retinas 
varied from transient to sustained, as in WT 
retinas (fig. S7). Light-stimulation of eNpHR- 
reactivated photoreceptors in RD retinas even 
evoked ganglion cell spiking activity at later 
stages of degeneration (s-RD: <P255, f-RD: 
<P264; fig. S7). 

We next asked if basic forms of spatial pro- 
cessing were functional in the eNpHR-transduced 
RD retinas. Lateral inhibition is a conserved fea- 
ture of vertebrate retinas that is important for spa- 
tial contrast (“edge”) enhancement. When spots 
of increasing sizes were presented to eNpHR- 
expressing RD retinas, the response magnitude of 
ganglion cells reached a maximum and then 
gradually decreased, a sign of lateral inhibition 
(Fig. 4C and fig. S7) (2/, 24). Lateral inhibition 
also results in ON-center, OFF-surround re- 
sponses (2/) that we were able to observe in 
eNpHR-expressing RD retinas (fig. S7). Another 
example of spatial processing is the directional- 
selective responses of types of ganglion cells to 
motion stimuli (25). The activity of directional 
selective ganglion cells is important for the opto- 
kinetic reflex (26). When eNpHR-transduced RD 
retinas were stimulated with bars moving in 
different directions, some ganglion cells responded 
preferentially to motion in a particular direction 
but produced little activity when the bar moved 
in the opposite direction (Fig. 4D) (27). This re- 
sponse asymmetry suggests that the retinal cir- 
cuit for directional selectivity is, at least partially, 
maintained in RD retinas. 

The sensitivity of eNpHR to light is less than 
that of normal cones (Fig. 4E), and although 
normal cones can adapt to different light inten- 
sities, eNpHR-driven cones have a fixed sensitiv- 
ity range (see SOM). However, the sensitivity of 
ganglion cells to light was 1.7 log units higher than 
that of the eNpHR-expressing photoreceptors 
(Fig. 4E), and the light levels required for eNpHR 
stimulation at 580 nm are below the limit allowed 
for safe radiation of the human eye, according to 
the 2006 European directives on artificial optical 
radiation (Fig. 4E) (28). 

The slow and fast RD mouse models differ 
not only in the time course of photoreceptor de- 
generation, but also in the amount of light-driven 
activity present during development. s-RD mice 
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have no light-sensitive rod-cone system during 
development (/5), whereas f-RD mice lose the 
rod-cone function gradually and are blind by 4 
weeks of age (/6). In the retina, the responses in 
eNpHR-activated s-RD and f-RD mice were 
similar, suggesting that the development of the 
tested retinal functions, like direction selectivity, 
may not require light-driven input from rods and 
cones. Light stimulation of the eyes resulted in 
visually evoked potentials in eNpHR-expressing 
f-RD mice but not in EGFP-transduced controls 
(P42 to P118, fig. S8). In contrast to the retina, we 
could not measure light-driven cortical activity 
in eNpHR-transduced s-RD mice. 

We next evaluated whether light could induce 
behavioral changes in eNpHR-transduced mice. 
In dark-light box tests (29), eNpHR-expressing 
f-RD and s-RD mice performed significantly better 
than the corresponding EGFP-expressing control 
groups (P44 to P143, Fig. 5A), and the increased 
performance depended on the illumination level 
(Fig. 5B). In the optomotor reflex test (30), only 
eNpHR-expressing f-RD mice performed better 
than EGFP-expressing control mice at a variety of 
drum speeds (P69 to P153, Fig. 5C). WT (fig. S8) 
and f-RD responses both peaked at the same 
speed. The optimum spatial frequency was higher 
for WT animals [0.26 cycles per degree (cpd)] 
compared to f-RD (0.13 cpd). These experiments 
demonstrated that resensitized photoreceptors are 
able to drive visually guided behavior in f-RD 
mice and, to some extent, in s-RD mice. 

To test for potential toxicity of eNpHR or the 
unmodified NpHR, we first compared the retinas 
of eNpHR-transduced WT mice (6 weeks after 
AAV administration) with those of normal WT 
mice. The number of photoreceptors was similar 
in both conditions (fig. S9), and, in addition to the 
light-induced spiking activity, ganglion cells in 
eNpHR-transduced WT retinas had a wider action 
spectrum (a gain of function at longer wave- 
lengths) than ganglion cells in uninjected WT 
retinas (fig. S9). This suggests that both intrinsic 
opsins and eNpHR are at work. Next, we com- 
pared the retinas of transgenic mice expressing 
NpHR in photoreceptors under the control of a 
bovine rhodopsin promoter with WT retinas 
and found similar numbers of photoreceptors (at 
P140, fig. S9). These results suggest that, in the 
studied time window, neither the unmodified 
NpHR nor eNpHR induced additional photo- 
receptor degeneration. 

The translation of gene therapy achieved in 
mice to human participants requires the use of pro- 
moters and AAV serotypes that drive photoreceptor- 
specific eNpHR expression in human retinas. 
Therefore, we tested our AAVs on human ex vivo 
retinal explants (Fig. 6A), which we could keep in 
culture for 2 to 3 weeks. Because of this short 
time window and the relatively long period of 
time required to efficiently express eNpHR from 
AAVs, we had to use immunohistochemistry to 
visualize eNpHR-EYFP protein expression in the 
cultured human retinas. Of the three promoters, 
mCAR directed expression of eNpHR specifi- 


cally in human photoreceptors (fig. S10). To reduce 
the time required to obtain robust eNpHR-EYFP 
expression, which is necessary for two-photon 
laser—targeted electrophysiology, we inserted the 
mCAR-eNpHR construct into a lentiviral vector 
(fig. S10) (37). Using this new vector, we found 
high levels of eNpHR expression, specifically in 
human photoreceptors after only 1 to 2 days of 
incubation (Fig. 6B and fig. S10). Brightly labeled 
photoreceptors in the parafoveal region displayed 
photocurrents and photovoltages with spectral 
tuning reflecting eNpHR activation (Fig. 6C and 
fig. S10). We could not measure any photocur- 
rents from control human retinas, even at the time 
when the retina was isolated. 

To find potential patients with retinitis pig- 
mentosa eligible for eNpHR-mediated restoration 
of visual functions, we screened a database (see 
SOM) that contained records of retinal images 
acquired by optical coherence tomography (OCT), 
Goldman visual field tests, multifocal electro- 
retinograms (ERGs), full-field ERGs, and visual- 
acuity tests. We identified legally blind patients 
(data from one of whom are shown in Fig. 6 and 
fig. S11) with no visible outer segments on OCT 
pictures, but cone cell bodies in the central re- 
gion. These criteria may be used in the future for 
selecting patients who could benefit from this 
therapy. 

We have shown that a microbial gene intro- 
duced to surviving cone cell bodies reactivated 
retinal ON and OFF pathways and the retinal cir- 
cuitry for lateral inhibition and directional selec- 
tive responses. Moreover, the reactivated cones 
enabled RD mice to perform visually guided 
behaviors. The tested time window of intervention 
was up to ~260 days in f-RD and s-RD mice, 
suggesting that persisting cone cell bodies (~25%) 
are enough to induce ganglion cell activity, even 
during later stages of degeneration. Our finding 
that AAVs with the mCAR promoter specifically 
transduced human photoreceptors and the identi- 
fication of patients with little measurable visual 
function and no outer segments but surviving cone 
cell bodies suggest a potential for translating 
eNpHR-based rescue of visual function to humans 
(see SOM). In the future, eNpHR-based restora- 
tion may be combined with other approaches that 
increase the survival of altered photoreceptors 
(20, 32-34). 
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Ruling Out Multi-Order Interference in 
Quantum Mechanics 


Urbasi Sinha,’* Christophe Couteau,’* Thomas Jennewein,* 


Raymond Laflamme,*? Gregor Weihs*** 


Quantum mechanics and gravitation are two pillars of modern physics. Despite their success in 
describing the physical world around us, they seem to be incompatible theories. There are suggestions 
that one of these theories must be generalized to achieve unification. For example, Born’s rule—one of 
the axioms of quantum mechanics—could be violated. Born’s rule predicts that quantum interference, 
as shown by a double-slit diffraction experiment, occurs from pairs of paths. A generalized version 

of quantum mechanics might allow multipath (i.e., higher-order) interference, thus leading to a 
deviation from the theory. We performed a three-slit experiment with photons and bounded the 
magnitude of three-path interference to less than 10-7 of the expected two-path interference, thus 
ruling out third- and higher-order interference and providing a bound on the accuracy of Born’s rule. 
Our experiment is consistent with the postulate both in semiclassical and quantum regimes. 


orn’s interpretation (/) of the wave func- 
B tion y(r, 4) for a quantum mechanical state 

stipulates that the probability density to find 
a particle at position r and at time ¢ is given by 


P(r.) = w*(r, Dyer.) = lwp)? (1) 


A double-slit diffraction experiment is a direct 
consequence of this rule; the probability to detect 
a particle at r after passing through an aperture 
with two slits, A and B, is given by 


Pap (r) = |yy(r) + we)? 
2 2 
= [wal + lye’ + Vie + veVy 
= P4+Pp+Tap (2) 


where we have omitted the position argument for 
brevity and defined P; to be the probability with 
only slit i @ = A, B) open. The corresponding 
(second-order) interference term can be defined as 


Typ i= Pap (P4 + Pg) = Pap Py Pp (3) 
Within quantum mechanics, adding more paths 
(.e., slits) does not add higher complexity. For 


three slits A, B, and C (Fig. 1), we find 


Pago = P4+Pet+Pot+lagpt+lictIsc (4) 


Therefore, by Born’s rule and its square exponent 
(Eq. 1), interference always occurs in pairs of 
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possibilities and is defined as the deviation from 
the classical additivity of the probabilities of mu- 
tually exclusive events (2). These possibilities 
can be associated with any degree of freedom, 
such as spatial paths, energetic states, angular 
momentum states, etc. Even if multiple particles 
are involved, interference occurs in pairs of 
possibilities. Consequently, we define the third- 
order interference term J4,- for a three-path 
configuration (mutually exclusive) as the devia- 
tion of Pigc from the sum of the individual 
probabilities and the second-order interference 
terms: 


Lage = Pago — (Pa + Pat+ Po + Lap 


Ipc + Lac) 
= Pago Pag- Paco Pact Pa 


Pg+Pc (5) 


A physical system with such probability terms is 
three-path interference of a photon sent through a 
mask with three slits (Fig. 1). Note that the defi- 
nitions in Eq. 3 and Eq. 5 are the first terms in an 
infinite hierarchy of interference terms (2). 

The nonzero interference term [4p is expected 
in all wave theories, including quantum mechan- 
ics (3, 4). The next higher-order (i.e., three-path) 
interference term /4gc will be zero in all wave 
theories, with a square-law relation between the 
field energy (or probability density) and field am- 
plitude, which is the case in quantum mechanics 
with Born’s rule. Moreover, if there is no inter- 
ference at a certain level in the hierarchy, the 
higher-order terms must vanish as well (2). 

Our aim is to establish experimentally wheth- 
er the value of Z4gc 1s different from zero. We 
measure all seven probability terms of Eq. 5 plus 
the probability Po of detecting particles when all 
slits are closed. Py represents the probability of 
the empty set in an abstract definition, or a back- 
ground signal in the experiment. The eight terms 


are obtained by sending optical photons through 
three slits, which can be opened or closed indi- 
vidually (see Fig. 1 for the slit details and Fig. 2 
for the setup). A double-slit experiment could be 
used to test Born’s rule, but then one would have 
to measure the nonzero double-slit interference 
term and compare it with the theoretical predic- 
tion. This would be sensitive to experimental 
parameters such as slit dimensions, wavelength of 
incident photons, and distance between detector 
and slits, each with its attendant error. In contrast, 
we expect the three-path interference term /43c to 
be zero, with the advantage of being independent 
of many experimental parameters, thus enabling a 
more precise null test for Born’s rule. 

We measure the terms in Eq. 5 as well as 
Po, which accounts for the inevitable detector 
noise and background signal. The measured 
quantity « based on Eq. 5 is given by 


© = P4gc~ Pap Pac~ Pac + Pat Ppt 


Pc Po (6) 


Here, p< P of Eq. 5 and refers to the measured 
number of photons (or optical intensity, propor- 
tional to the photon number) in the various slit 
combinations. To give a scale to the size of a 
potential deviation from Born’s rule, we define a 
normalized variant of € called « (Fig. 3), 


_e 
—; (7) 


where 


8 = |Laz| + [acl + |Lac| 
= |P4g~Pa-PptPol + \Psc~Pe-Pco 
Pol + Pac ~Pa~Pc + Pol (8) 


Blocking Mask 


Position 
-°0 


==G 


- - ABC 


Fig. 1. Arrangement and dimensions of the slits 
used in the experiment. The blocking mask has 
open apertures depending on the measured slit 
combination according to Eq. 6. Inset is an image 
of the triple-slit mask. 
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Here, 5 is the sum of the absolute values of the 
double-slit interference terms, and « can be seen 
as the ratio of an unexpected three-path inter- 
ference term to the expected two-path interference 
term. If 5 = 0, then € = 0 trivially, and one deals 
with classical probabilities instead of quantum 
behavior. Thus, a nonzero 6 ensures that we are in 
a quantum mechanical regime. In an experiment, 
we never measure probabilities directly, but only 
absolute frequencies of photon occurrences. The 
quantity « is independent of the total particle flux 
onto the slits as long as it is constant in time. 

To measure « in various optical power re- 
gimes, we used different types of photon sources. 
Figure 2 shows details of the experimental setup. 
We used a laser attenuated to a power level of a 
few microwatts down to ~200 fW (single-photon 
level) as well as heralded single photons (~40,000 
photons/s) created by spontaneous parametric 
downconversion (5). 

At the photon-counting level, the detection 
mechanism is based on a silicon avalanche photo- 
diode (APD), and thus the particle-like nature of 
light is incorporated in the experiments. At the 


Fig. 2. Experimental set- 
up used for the measure- 
ment of «. (A) Creation of 
heralded single photons 
from a periodically poled 
potassium titanyl phosphate 
(PPKTP) nonlinear crystal 0 
pumped by a 405-nm laser 

diode. Parametric downcon- 

verted photons are emitted B 
as pairs at 810 nm and are 
coupled into a single-mode 
fiber (SMF). Photon detec- 
tion (D1) in the trigger output 
heralds a single photon, which 
is then sent through the 
diffraction slits. (B) A pulsed 
titanium-sapphire (Ti-Sa) 
laser is attenuated and cou- 
pled into a SMF. The atten- 
uation is realized by the 
combination of a half-wave 
plate (1/2) and a polarizing 
beamsplitter (PBS), com- 
bined with neutral filters 
and an intensity stabilizer. 
(C) Schematic of the three- 
slit experiment where the 
photons from the source go 
through the movable block- 
ing mask with the eight com- 
binations and then through 


oo eee ee ew oe Co 
Attenuated Laser Source 


Blocking Mask 


microwatt level, a series of measurements was 
performed with a standard optical power meter, 
using a silicon photodiode. The power meter mea- 
surements investigated the optical regime in which 
particle character is not of concern. In all cases we 
performed a large number of measurements at 
fixed points in the diffraction pattern [fig. S1 in 
(5)]. In addition, we have also performed measure- 
ments to check the variation of « as a function of 
detector position. Born’s rule would predict that 
« should be independent of detector position. How- 
ever, systematic errors may vary with the position 
and therefore are seen to bring a variation in the 
measured value of « at different detector posi- 
tions even in our experiment. Nonetheless, the 
mean « is within the bounds set by the attendant 
errors at each such detector position. 

The typical distributions of measured values 
of « are shown in Fig. 3, with photon streams 
from a laser attenuated to different levels (Fig. 3, 
A and B) and from a heralded single-photon 
source (Fig. 3C). « is calculated from the mea- 
sured interference intensities for the eight inde- 
pendent slit combinations at a fixed position. 


A ome me i ee ew = Co 
| Heralded Single Photon Source D ; 
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Counter 
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the slit mask, which has the three slits cut into it. We keep the slit mask stationary, whereas the blocking 
mask consists of bigger and wider slits that open up the various slit combinations as it moves up and 
down. In this way, we ensure that the same set of slits is used for measuring the different combinations, 
thus eliminating any dependence on the slit properties. The diffracted light is condensed vertically with a 
cylindrical lens (CL) onto a multimode fiber (MMF, core size 62.5 um), ~180 mm from the slits. This fiber 
(movable along the diffraction pattern) acts as an aperture to probe the interferences. The collected 
photons are detected either with an avalanche photodiode (D2) whose signals are recorded with a time 
counter, or with an optical power meter (PD), both connected to a computer. For heralded single photons, 
detections are conditioned on the detection of a trigger photon. 


REPORTS 


The order of the eight slit combinations was 
chosen randomly for reducing systematic influ- 
ences on « caused by slow variations of the 
photon flux. Each combination in a run was 
measured for a certain photon-count integration 
time, and up to 100 runs were cycled to obtain a 
statistically significant sample of « values. Among 
the many positions in the diffraction pattern, we 
chose the central maximum of the triple-slit 
combination (yielding the maximum number of 
coincidence photon counts) to obtain our data 
(5). For the single-photon source, we measured 
at each slit combination until the trigger count 
reached 30 million, which was a good com- 
promise between accumulating a statistically sig- 
nificant number of coincidences for the different 
slit combinations and ensuring a low drift of the 
photon source between measurements. 

With a null experiment, a very careful analysis 
of random and systematic errors must be under- 
taken, as our bound on the amount of three-path 
interference will be directly related to the level of 
experimental uncertainty. Among the random 
errors in our setup, thermal and acoustic fluctua- 
tions cause the source fluxes to vary in time. In 
addition, detection efficiency and optical align- 
ment can change. In particular, there will be some 
mechanical vibration of the thin (25 um) slotted 
steel membrane apertures, causing a variable slit 
transmission due to near-field diffraction. In addi- 
tion, for power meter measurements, the instru- 
mental error is added to the above error sources, 
whereas for photon counting, the Poissonian dis- 
tributed counting error is the dominating fluctua- 
tion. Because of the random nature of the individual 
errors, we used Gaussian error propagation to 
estimate the error of «, where we used the standard 
variances of the individual measurement values 
calculated from a large number of repetitions of 
the experiments. In some cases where we ob- 
served a drift in the rates, we found the Allen 
variance of the values to be a better estimator for 
error propagation. This is justifiable because « is 
calculated from eight measurements taken in 
direct succession, and the variance between 
subsequent samples of each quantity p4, pp, etc., 
is therefore the most suitable error estimator. 

Once we understand the random errors, we 
can characterize the systematic errors. Our exper- 
iment and the measurement of « are convenient, 
as they neither require the slits to be identical nor 
require the transmission values to be perfectly 
1 and 0. On the other hand, what matters is the 
absence of correlation or systematic variation in 
how the slits behave while switching between slit 
combinations. Note that the size of the slits and 
the wavelength make independent shutters diffi- 
cult to insert, and we used a static opening mask 
plate in front of the actual slits for blocking and 
unblocking the individual slits. 

Our approach can potentially introduce un- 
wanted correlations between the switching of dif- 
ferent combinations. This occurred in our case; a 
fault in the blocking mask in the BC combination 
caused opening B to be shifted off its nominal 
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position by 8 um. At zero distance between open- 
ing and slit masks, this shift would not affect the 
transmittance of the diffracting slit. However, 
with the finite separation of 50 um between the 
two masks, it does matter. Using a two-dimensional 
finite-difference time domain simulation of the 
light field between the wider opening and nar- 
rower slit, we found that this lateral misalignment 
could change the effective slit transmission by 
+3%, depending on the relative position. Using 
this to adjust the slit transmittance value for slit B 
in the combination BC leads to a value of |x| = 
0.01. Bringing the masks closer would reduce 
this error, but the thin membranes tend to stick 
together when they come closer than 50 um. 
Another major systematic error is detector 
nonlinearity. There is no perfect detector, and ef- 
ficiency and nonlinearity will always be finite. 
For our commercial power meter, the nonlinearity 
is 0.5% for all ranges. For the worst case, at the 
central maximum of the diffraction pattern, this 


A i Laser + Powermeter 
0.2 
0.1 
: oo eee 

0.0 be petgtt Abe setheg ett at ttt 
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to N 
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results in a systematic error of |k| = 0.003. For 
photon-counting detectors, there is always a finite 
dead-time during which they are blind to photons. 
Depending on the flux, this results in a saturation 
effect; that is, the detector response does not fol- 
low the square law, but has a deviation potentially 
indistinguishable from a violation of Born’s rule. 
Therefore, to keep the nonlinearity error negligi- 
ble, we used count rates below 100,000/s. 

Combining the various error sources, our par- 
ticular setup enables us to bound the measure- 
ments of « to better than 0.01, thus providing a 
bound on the accuracy of Born’s rule. This is in 
good agreement with the values measured for 
single photons, « = 0.0064 + 0.0120, and for the 
attenuated laser beams, « = 0.0073 + 0.0018 
(power meter measurement) and « = 0.0034 + 
0.0038 (APD measurement) from Fig. 3. 

Note that any significant nonzero observa- 
tion of J4gc would imply that Born’s rule does not 
strictly hold. The consequences of detecting even 


k= 0.0073 + 0.0018 
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Fig. 3. Typical distributions of k measured at the central maximum of the triple-slit interference pattern. 
(A) Data using a laser source and a power meter for detection, resulting in « = 0.0073 + 0.0018. (B) Data 
with the laser but attenuated to single-photon level and an APD for detection, resulting in « = 0.0034 
+0.0038. (C) Data taken using the heralded single-photon source and an APD for detection, resulting in « = 
0.0064 + 0.0119. The Allen variance of « was used to plot the error bars. The horizontal red lines represent 
the mean x values; the blue shaded regions represent a band of one standard deviation of the distribution of 


« values around the mean. 


a small amount of three-way interference (by 
deviating from the quantum mechanical null 
prediction) would be tremendous. A modification 
to Born’s rule that leads to multi-order interfer- 
ence would have repercussions on the allowable 
dynamics. In particular, if probability must be 
conserved, then Schrédinger’s equation would like- 
ly have to be modified as well. Nonlinear ex- 
tensions to quantum mechanics are one way to 
generalize it (6-8), and there have been efforts to 
test these nonlinearities (9—/2). However, in such 
experiments, a model was assumed for the non- 
linear variant of the Schrédinger equation, and 
efforts were concentrated on estimating the co- 
efficient of the nonlinearity. In contrast, we pre- 
sent a dedicated test for Born’s rule and are able 
to confirm it within our experimental limitations 
without depending on specific nonlinear exten- 
sions of quantum mechanics. 

We are able to bound the magnitude of the 
third-order interference term to less than 10 of 
the regular expected second-order interference, at 
several detector positions. Thus, our experiment 
is able to rule out the existence of third-order in- 
terference terms (and, in effect, any higher-order 
interference terms) up to this bound. This bound 
on the accuracy of Born’s rule is relevant for the- 
oretical attempts to derive it (/3) as well as for 
the generalization of quantum mechanics. Among 
the consequences of such a generalized theory, it 
would require more detailed specifications of the 
quantum system (/4) and could modify computa- 
tional complexity by allowing one to distinguish 
between orthogonal states, thus breaking quantum 
cryptography and making quantum computing 
more powerful [i.e., super-quantum computing 
(/5)]. The triple-slit experiment is a simple and 
very natural system to investigate three-path in- 
terference, but it is not the only possible imple- 
mentation; any configuration of three mutually 
exclusive quantum paths can be used in such a 
test. Although our implementation did not lead to 
the observation of any deviations, such future tests 
with other systems might indeed lead to improved 
accuracies on the bound of «. It would be inter- 
esting to perform tests with other types of particles 
such as neutrons (/6, 17), tests of Cgq molecule 
interference (/8) or electron interference with 
slits or potential wells (79, 20), or tests of a system 
with a global wave function, such as a Bose- 
Einstein condensate (2/, 22). 
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Identification of Carbonate-Rich 
Outcrops on Mars by the Spirit Rover 


Richard V. Morris,’* Steven W. Ruff,” Ralf Gellert,? Douglas W. Ming,? Raymond E. Arvidson,* 
Benton C. Clark,® D. C. Golden,® Kirsten Siebach,* Géstar Klingelhéfer,’ Christian Schréder,® 
Iris Fleischer,’ Albert S. Yen,” Steven W. Squyres?? 


Decades of speculation about a warmer, wetter Mars climate in the planet's first billion years 
postulate a denser CO2-rich atmosphere than at present. Such an atmosphere should have led to 
the formation of outcrops rich in carbonate minerals, for which evidence has been sparse. Using 
the Mars Exploration Rover Spirit, we have now identified outcrops rich in magnesium-iron 
carbonate (16 to 34 weight percent) in the Columbia Hills of Gusev crater. Its composition 
approximates the average composition of the carbonate globules in martian meteorite ALH 84001. 
The Gusev carbonate probably precipitated from carbonate-bearing solutions under hydrothermal 
conditions at near-neutral pH in association with volcanic activity during the Noachian era. 


he existence of carbonate minerals on 
[ive has long been postulated, based on 

evidence of past and present water along 
with a CO>-rich atmosphere that may have been 
denser during the Noachian era (/—5). Carbon- 
ate minerals have been identified in martian me- 
teorites as minor phases (~1 volume % or less) 
by petrographic and microbeam methods (5) 
and detected by orbital observations in regional- 
scale rock units in Nili Fossae at unknown abun- 
dances (6) and, equivocally, in martian dust and 
in soil as a minor component (<5 volume %) 
(7-10). Here, we describe the detection of car- 
bonate as a major component in outcrops in the 
Columbia Hills of Gusev crater. 

The Columbia Hills are an “island” of older rocks 
surrounded by Hesperian-aged olivine-bearing vol- 
canic rocks that dominate the plains within Gusev 
crater (//). The Hills form a crudely antiformal 
structure composed of massive-to-layered rocks 
with varying compositions and extents of aqueous 
alteration (/2—/6). The Inner Basin within the 
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Hills is dominated by volcaniclastic rocks, includ- 
ing Home Plate, and alteration phases (sulfates and 
opaline silica deposits) of likely hydrothermal orig- 
in (17-21). The Mars Exploration Rover Spirit 
descended from Haskin Ridge on the eastern 
side of the summit of Husband Hill into the 
Inner Basin of the Columbia Hills to the eastern 
edge of the El Dorado ripple field during its sec- 
ond summer at Gusev crater (/6). A series of 
benches (Fig. 1) with olivine-rich outcrops were 
encountered and analyzed by Spirit’s instruments 
(19, 21). The Comanche outcrops, with their gran- 
ular surface textures (grain sizes ~0.5 to 1.0 mm), 
are erosional remnants that are draped over the 
older and more massive Algonquin and other 
olivine- and pyroxene-rich outcrops (Figs. 1 and 
2). They have layering whose bedding is roughly 
conformal with local topography, consistent with a 
volcaniclastic origin, and have fracture-filling 
deposits that have withstood aeolian erosion better 
than the surrounding materials, forming raised 
fins (Figs. 1 and 2). 

Spirit's Méssbauer (MB) spectrometer pro- 
vides information about Fe mineralogy and the 
distribution of Fe among Fe-bearing phases and 
oxidation states (22). The MB spectrum of Co- 
manche Spur (Fig. 3A) is characterized by two 
Fe*" doublets, which were initially assigned to Fe”* 
in olivine and to either Fe”* in pyroxene atypical 
of other Gusev pyroxenes or to Fe** in a phase 
other than pyroxene (/9). The doublet identifica- 
tion diagram (Fig. 3B), which now includes data 
for Fe” ’-bearing carbonates (23), shows that 


Comanche Spur is an olivine-carbonate assem- 
blage. The MB data indicate the presence of Mg- 
Fe carbonate in the Comanche outcrops [Fig. 3B 
and (23)]. 

In addition to major element chemistry, the 
Spirit’s Alpha Particle X-Ray Spectrometer (APXS) 
instrument can determine an aggregate concen- 
tration for excess light elements through analysis 
of photon scattering peaks (24, 25). The energy 
of the APXS scattering photons (14.3 keV) is 
virtually identical to that for the MB gamma ray 
(14.4 keV), so that the depth of rock analyzed 
by the two instruments is equivalent. The aver- 
age excess light-element concentration of Coman- 
che Spur, measured on surfaces brushed by the 
Rock Abrasion Tool (RAT), is 12 + 5 weight per- 
cent (wt %) equivalent CO, (Table 1). The low 
bulk CaO concentration of Comanche Spur 
(1.69 wt %) requires that the carbonate have a 
low Ca content, consistent with MB data (Fig. 3B). 
For comparison, the excess light-element concen- 
tration of Algonquin is 0 + 5 wt % equivalent 
COs. The carbonate content of Comanche is equiv- 
alent to ~3% C in the sample. Because of CO} in 
the martian atmosphere, this value is close to the 
expected APXS alpha channel detection limit for 
C, so we have not been able to use alpha data to 
detect C specifically. 

We calculated the chemical composition of 
Comanche carbonate and olivine using previously 
reported APXS data (2/), recalculated to include 
CO;, and the percentages of Fe associated with 
those phases from MB data (Fig. 3A). The cal- 
culations yielded (Table 1) a Mg-Fe carbonate 
(Mco,62Sdo25sCco.1;Rho.o2, where Mc = magnesite, 
Sd = siderite, Cc = calcite, and Rh = rhodochro- 
site) and a forsteritic olivine (Foo72Fag2g, where 
Fo = forsterite and Fa = fayalite). All Ca and Mn 
was assigned to the carbonate to give an upper- 
limit concentration for those elements, but we 
have no information as to their actual phase as- 
sociation. The calculated carbonate and olivine 
compositions are Mcg.75Sdo25 and Foo.79F ag 39 
when Ca and Mn are not associated with the car- 
bonate. In either case, the concentration of car- 
bonate in Comanche Spur is ~26 wt % (Table 1). 
Using the 7.0 to 17.0 wt % range of the CO, 
concentration (Table 1), the range in the carbon- 
ate concentration is ~16 to 34 wt %. 

Spectra obtained by Spirit’s Miniature Ther- 
mal Emission Spectrometer (Mini-TES) provide 
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Fig. 1. False-color Pancam image (Sol689_P2571) looking downslope over Algonquin and Comanche 
outcrops. Strike and dip are indicated by black lines and black arrow. The location of the MB and APXS 
workspace is indicated by the white circle. The inset locates from high to low elevation the olivine-rich 
outcrops Larry’s Bench (LB), Seminole (S), Algonquin (A), and Comanche (C) on Spirit's traverse across 
Haskin Ridge down the southeast slope of Husband Hill. The distance between Algonquin and 
Comanche outcrops is ~85 m. [Credits: NASA/JPL/Pancam and NASA/UA/HiRISE] 
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Fig. 2. (A) Navigation Camera (Navcam) mosaic image of the Comanche outcrop. Taabe, Saupitty, and 
Yackeschi are Mini-TES and Pancam target locations. (B) Hazards Camera (Hazcam) image that locates 
APXS and MB targets Horseback (H) and Palomino (P) on Comanche Spur. The objects in the lower right 
and left corners are rover wheels. (C) Pancam false-color image of the ~4.5-cm-diameter RAT-brushed 
spots (light blue color within white circles) that shows more complete removal of surface dust for the 
Palomino target. (D) and (E) Microscopic Imager (MI) mosaic of post-brush surfaces (field of view ~4 cm) 
of Comanche Spur Palomino (D) with a granular surface texture (grain sizes ~0.5 to 1.0 mm) and 
Algonquin Iroquet (E) with a massive surface texture. [Credit: NASA/JPL/Navcam/Hazcam/Pancam/Ml] 


information on bulk mineralogy and modal abun- 
dance as a function of area in measured targets 
(26). Mini-TES spectra taken at eight locations 
on the Comanche outcrops are comparable in 
spectral shape (Fig. 3C), implying relatively uni- 
form mineralogy across the outcrops. The target 
Taabe (Fig. 2) is on the same outcrop (Coman- 
che Spur) as the MB and APXS targets, but the 
Taabe spectrum is compromised by a calibration 
artifact that affects the high-wave number re- 
gion (+1300 cm '; excluded in Fig. 3C) and by its 
cooler temperature and greater dust contribution 
as compared to the superior spectrum obtained 
from target Saupitty on a different Comanche 
outcrop (Fig. 2). 

Three absorption features attributable to fun- 
damental infrared vibrational modes of carbonate 
are apparent in the Comanche Saupitty spectrum 
(Fig. 3D). Linear least-squares unmixing calcu- 
lations (27) of this spectrum require carbonate 
to fit these features. If carbonates are excluded, 
the model fit is visually poorer, and the root mean 
square error doubles (0.15% versus 0.30%). 
Mg-Fe carbonate and Ca-Mg carbonate (dolo- 
mite) are spectrally indistinguishable over the 
wave-number range used for the calculations. We 
excluded Ca-Mg carbonate from the final mod- 
eling, because Ca-rich carbonates are precluded 
on the basis of APXS data and are inconsistent 
with MB results as discussed above. Only three 
mineralogic components in approximately equal 
abundance are necessary to provide a good fit: 
Me-trich olivine (Fo¢o-go), an amorphous silicate 
of basaltic composition, and Mg-Fe carbonate 
[Fig. 3D (23)]. 

Multispectral data obtained from the Pano- 
ramic Camera (Pancam) for the target Yackeschi 
(23) show evidence for olivine and nanophase 
ferric oxide, but Pancam does not cover the spec- 
tral region where the Fe*' absorptions of carbon- 
ates occur (23). 

Comanche carbonate has a well-constrained 
composition (Mc 62Sdo.25Cco,1 Rho 02) and is a 
major component, based on measurements made 
on exterior outcrop surfaces at multiple locations 
by both APXS and MB (~26 wt % with a range 
of 16 to 34 wt %) and Mini-TES (~34 area %). 
The carbonate is considered a major volumetric 
component rather than a surface coating, because 
the outcrop is an erosional remnant. Martian me- 
teorites have at most ~1 volume % of any car- 
bonate phase, which is heterogeneously distributed 
and occurs as veins and fracture fills, primarily in 
the nakhlites (clinopyroxenites) and ALH 84001 
(orthopyroxenite) (5, 28, 29). ALH 84001 has the 
most carbonate, with an average composition 
[McossSdo.29Cco,12Rho.o1 (28, 30)] that is similar 
to the Comanche carbonate composition. Syn- 
thetic analog samples for ALH 84001 carbonate 
globules, with comparable average compositions 
[Mcoo.11-0.72)Sd(0.16-0.83)C€(0.06-0.17)RHEO.00-0.02)], 
have the same MB parameters as Comanche 
carbonate [Fig. 3B and (23)]. 

Like Comanche and ALH 84001 carbonates, 
orbital data for martian dust and regional-scale 
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surfaces in Nili Fossae point to Mg-rich carbon- 
ates, although the dust detection (<5 volume % 
magnesite) has alternatively been interpreted as 


sulfate instead of carbonate (7—9). Visible, near- 
infrared (VNIR) spectra for Nili Fossae are in- 
terpreted as magnesite on the basis of two bands 
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Fig. 3. MB spectra and Mini-TES spectra for Comanche outcrops. (A) Comanche Spur MB spectrum [com- 
posite of Horseback and Palomino targets (Fig. 2)]. Ol = Fe* in olivine; McSd = Fe** in Mg-Fe carbonate; 
npOx = Fe** in nanophase ferric oxide; and Hm = Fe** in hematite. (B) MB doublet identification diagram 
showing Gusev crater rocks and soils [after (29)] and terrestrial and synthetic Fe-bearing carbonates (23). 
The ranges of values of calcite (Cc) for the low- and high-Ca terrestrial and synthetic carbonates are 0.00 to 
0.17 mol fraction and 0.47 to 0.95 mol fraction, respectively. The uncertainty of the subspectral area is +2% 
absolute. Center shift (5) = (v2 — v1)/2 and AEg = v2 — v1, where v1 and v2 are peak center positions 
numbered from low to high velocity, and AE is the quadrapole splitting. (C) Mini-TES spectra for target 
Taabe on Comanche Spur, target Saupitty on the adjacent Comanche outcrop, and six other targets on 
Comanche outcrops (Fig. 2). (D) Model fit (blue line) for Comanche Saupitty using the three geologic phases 
shown (23). The laboratory spectrum of Mg-Fe carbonate component is shown for reference. Gray lines are 
1 SD of the 200 individual spectra averaged to produce the Saupitty spectrum. 


Table 1. Chemical composition of Comanche Spur Palomino whole rock, with light elements as CO2 
and calculated components olivine, carbonate, and residue. 


Whole rock* Componentt 
(wt %) Olivinet Carbonate§ Residue 
(wt %) (wt %) (wt %) 
SiO, 36.1 + 0.4 37.8 - 62.1 
TiO, 0.22 + 0.06 - - 0.66 
Al,03 2.56 + 0.08 - - 7.68 
Cr203 0.63 + 0.03 - - 1.88 
Fe203 4.84 + 0.03 - - 14.5 
FeO 15.4+0.1 25.6 19.2 - 
MnO 0.37 + 0.01 - 1.43 - 
MgO 21.6 + 0.2 36.4 26.2 - 
CaO 1.69 + 0.02 - 6.55 - 
Na20 1.0 + 0.2 - - 3.0 
K,0 0.03 + 0.05 - - 0.1 
P20; 0.39 + 0.07 - - 1.16 
SO3 2.36 + 0.04 - - 7.08 
cl 0.53 + 0.01 - - 1.61 
CO, 12+5 = 46.4 - 
Chemistry total 99.8 99.8 99.8 99.8 
Component total 99.8 40.9 25.7 33.2 


*APXS data from (21) recalculated to 12 wt % CO>. TALL Ca and all Mn calculated as carbonate. 
(Mgo.72F€o.28)SiO4. §Equivalent to (Mgo ¢2Feo,25Cao.11MNno.92)CO3. 


fEquivalent to 
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whose centers vary from spectrum to spectrum 
(2.29 to 2.31 um and 2.49 to 2.52 um) (6). Using 
laboratory spectra (37) and an assumed linear re- 
lationship in band position between Mc; 99 and 
Sd.00, we calculated band centers at 2.31 and 2.51 
uum for a Comanche-like carbonate (Mco.75Sdo 25). 
Thus, Comanche and Nili Fossae carbonates have 
the same composition within VNIR constraints. 
Like Comanche carbonate, Nili Fossae carbonate 
is associated with olivine (6, 32, 33). 

The apparently similar chemical compositions 
of Comanche, ALH 84001, and Nili Fossae car- 
bonates suggest a common formation pathway. 
Although we do not exclude an igneous origin 
(34), multiple lines of evidence point to aqueous 
processes under probable hydrothermal condi- 
tions. Synthetic carbonate globules with average 
chemical compositions similar to those of ALH 
84001 and Comanche carbonates and MB pa- 
rameters similar to those of the Comanche car- 
bonate [Fig. 3B and (23)] were produced in 
the laboratory by precipitation from Mg-rich 
supersaturated carbonate solutions under hydro- 
thermal conditions (~150°C) and near-neutral pH 
(~6 to 7) (35). Mg-rich carbonate at Spitsbergen 
(Norway) is interpreted to result from precipita- 
tion from hydrothermal solutions in association 
with volcanic activity (36, 37). Morphologic (lay- 
ered clastic deposits) and mineralogic (high- 
S10, and sulfate-rich deposits) manifestations 
of volcanic activity and hydrothermal processes 
abound in the vicinity of the Comanche out- 
crops, especially near Home Plate (/7—2/). 

The inferred styles of hydrothermal activity 
at the Comanche outcrops and at Home Plate 
are quite different, with the former dominated by 
near-neutral pH, carbonate-bearing solutions 
[by analogy with (35)] and the latter domi- 
nated by acid-sulfate solutions (/8, /9). If the 
similarity in chemical composition, mineralogical 
composition, and association with ultramafic rock 
for Comanche and ALH 84001 carbonates ex- 
tends to a common formation era, both carbonates 
are Noachian in age after ALH 84001 (38). In any 
case, Comanche outcrops on contemporary Mars 
may be remnants of a larger carbonate-bearing 
deposit that evolved in ultramafic rock in asso- 
ciation with alkaline-neutral volcanic activity 
during the Noachian and then preferentially eroded 
(compared to massive olivine-pyroxene outcrops 
such as Algonquin) by a combination of aeolian 
abrasion and chemical decomposition from ex- 
posure to acid-sulfate vapors and/or fluids asso- 
ciated with volcanic activity at Home Plate. A 
plausible source for carbonate-bearing solutions 
is, by analogy with Spitsbergen (39, 40), exten- 
sion of the hydrothermal system into or through 
subsurface carbonate-bearing rocks where car- 
bonate dissolution took place. 

The Comanche outcrops and their substan- 
tial carbonate concentration (16 to 34 wt %) im- 
ply extensive aqueous activity under near-neutral 
pH conditions that would be conducive to hab- 
itable environments on early Mars. The well- 
separated Nili Fossae and Gusev crater carbonate 
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locations (~6300 km on a great circle) imply 
that such environments have multiple occurrences 
in Noachian terrain. The high carbonate con- 
centration in the Comanche outcrops is evidence 
for climate models (3) involving a CO> green- 
house gas on a wet and warm early Mars and 
subsequent sequestering of at least part of that 
atmosphere in carbonate minerals. 
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Ultrahigh Porosity in 
Metal-Organic Frameworks 
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Eunwoo Choi,” A. Ozgiir Yazaydin,? Randall Q. Snurr,? Michael O’Keeffe,* 


Jaheon Kim,2* Omar M. Yaghi?’** 


Crystalline solids with extended non-interpenetrating three-dimensional crystal structures were synthesized 
that support well-defined pores with internal diameters of up to 48 angstroms. The Zn,O(CO2)¢ 
unit was joined with either one or two kinds of organic link, 4,4',4"-[benzene-1,3,5-triyl-tris 
(ethyne-2,1-diyl)]tribenzoate (BTE), 4,4',44”-[benzene-1,3,5-triyl-tris(benzene-4, 1-diyl)]tribenzoate 
(BBQ), 4,4',44"-benzene-1,3,5-triyl-tribenzoate (BTB)/2,6-naphthalenedicarboxylate (NDC), and 
BTE/biphenyl-4,4’-dicarboxylate (BPDC), to give four metal-organic frameworks (MOFs), MOF-180, -200, 
-205, and -210, respectively. Members of this series of MOFs show exceptional porosities and gas 
(hydrogen, methane, and carbon dioxide) uptake capacities. For example, MOF-210 has Brunauer- 
Emmett-Teller and Langmuir surface areas of 6240 and 10,400 square meters per gram, respectively, 
and a total carbon dioxide storage capacity of 2870 milligrams per gram. The volume-specific internal 
surface area of MOF-210 (2060 square meters per cubic centimeter) is equivalent to the outer surface 
of nanoparticles (3-nanometer cubes) and near the ultimate adsorption limit for solid materials. 


ne of the most important properties of 

metal-organic frameworks (MOFs) is their 

high porosity (fraction of void volume to 
total volume) and high specific surface area, which 
has led to many applications concerned with gas 
storage, separations, and catalysis (/—6). An im- 
portant consideration in maximizing the uptake 
of gases within porous MOF crystals is to 
increase the number of adsorptive sites within a 
given material. The simplest way to accomplish 
this is to use slim organic linkers in which the 
faces and edges of the constituent units (such as 
phenylene rings) are exposed for gas adsorp- 
tion (7, 8). Thus in principle, expansion of the 


organic links should lead to MOFs with ultrahigh 
porosity. 

However, difficulties arise when targeting such 
MOFs: (i) Expanded links often yield fragile 
frameworks (9), and (ii) the large void space 
within the crystal framework makes it generally 
susceptible to self-interpenetration (two lattices 
grow and interpenetrate each other), precluding 
high porosity (/0, 17). In this report, we present 
four examples of MOFs for which it was possible to 
overcome the two challenges and to obtain ma- 
terials with the highest porosity yet achieved. 
Specifically, the synthesis and crystal structures 
of the four MOFs (MOF-180, -200, -205, and 


-210) are described, three of which show excep- 
tional porosity. In particular, MOF-210 exhibits 
the highest BET (Brunauer-Emmett-Teller) and 
Langmuir surface area (6240 and 10,400 m? g ') 
and pore volume (3.60 cm’ g | and 0.89 cm? cm? 
of MOF crystal) yet reported. 

In the pursuit of MOFs with ultrahigh po- 
rosity, the octahedral Zn,O(CO2)5 has had a 
prominent role as a building unit in producing 
structures exhibiting exceptional porosity (Scheme 
1) (7, 8, 12-14). Joining such units by 4,4°,44”- 
benzene-1,3,5-triyl-tribenzoate (BTB) and/or 1,4- 
benzenedicarboxylate (BDC) linkers produces 
MOF-5S, UMCM-2, and MOF-177 (7, 8, 12-14), 
which heretofore showed the highest BET surface 
area and pore volume among MOFs (Table 1). We 
sought to test the likelihood of reaching higher po- 
rosities by expanding the links in MOF-177 and by 
further exploring the role of mixed links in produc- 
ing the desired structures. We prepared the expanded 
forms of MOF-177 from 4,4’,4"-[benzene-1,3,5- 
triyl-tris(ethyne-2,1-diyl)|tribenzoate (BTE) and 
4,4',4"-[benzene-1,3,5-triyl-tris(benzene-4, | -diyl)] 
tribenzoate (BBC) to give MOF-180 and MOF-200, 
respectively, and used mixed 4,4’,4"-benzene-1,3,5- 
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triytribenzoate (BTB)/2,6-naphthalenedicarboxylate 
(NDC) and BTE/biphenyl-4,4’-dicarboxylate 
(BPDC) links to obtain MOF-205 and 210 (Scheme 
1 and Table 1). Here, we present the synthesis and 


Scheme 1. Zn,0(CO>)¢ unit (left) is connected 
with organic linkers (middle) to form MOFs. 


Cc 
(@} 
Zn 
Il 
+ 
Zn4O(COo)6 


Table 1. Porosity data of highly porous MOFs. 


crystal structures of the four MOFs and report 
their adsorption of nitrogen (77 K, 1 bar), hydrogen 
(77 K, 80 bar), and methane and carbon dioxide 
(298 K, 80 and 55 bar, respectively). 


—> MOF-177 


—+> MOF-180 


4,4',4"-(benzene-1,3,5-triyl-tris 
(ethyne-2,1-diyl))tribenzoate (BTE) 


CDK por 


—> MOF-200 


(benzene-4, 1-diyl))tribenzoate (BBC) 


Coo- 


Ccoo- 


2,6-naphthalenedicarboxylate 
(NDC) 


2-0 


+ —> MOF-205 


— > MOF-210 


biphenyl-4,4 -dicarboxylate 
(BPDC) 


Aset Atangr ANd Ageo are the BET, Langmuir, and 


geometric surface areas, respectively. V, is the measured pore volume. ND, no data; H2T2DC, thieno 


[3,2-b]thiophene-2,5-dicarboxylic acid. 


RCSR Void Crystal 
Compound ode Linker volume density 
(%) (g cm-?) 
MOF-5 pcu BDC 79 0.59 
MOF-177. = qom BIB 83 0.43 
MOF-180 qom BTE 89 0.25 
MOF-200 qom BBC 90 0.22 
MOF-205 ith-d BTB,NDC 85 0.38 
MOF-210 toz BTE,BPDC 89 0.25 
UMCM-2 umt BTB,T2DC 83 0.40 
MIL-101c_ mtn-e BDC 83 0.44 


BET Atang Ageo* 


Vp Reference 
(m? g*) (m2 g~*) (m2 g™*) (cm? g™*) 

3800 4400 3390 1.55 (14) 

4500 5340 4740 1.89 (22) 
ND ND 6080 ND This work 
4530 10400 6400 3.59 This work 
4460 6170 4680 2.16 This work 
6240 10400 5850 3.60 This work 

5200 6060 4360 2.32 (13) 
4230 5900 2880 2.15 (23, 24) 


*See section S6 in (17). 
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It is a basic tenet of reticular chemistry that, 
in the assembly of variously shaped geometric 
units, frameworks with highly symmetric vertices 
and, ideally, one kind of link (“edge transitive’’) 
would be most likely to form. In the present case 
of linking octahedral and triangular units, at first 
sight the most favorable net (“net” refers to the 
periodic graph that is the underlying topology of 
the structure) appears to be pyr (/5). Indeed, that 
is the observed net in MOF-150 (/6) and related 
MOFs; however, these form unwanted (denser) 
structures with two interpenetrating networks. This 
is unsurprising because pyr is a net with a self- 
dual tiling (the same net from when linkers replace 
vertices, and vice versa). The interpenetrating dual 
nets have the same connectivity involving alter- 
nating octahedra and triangles (Fig. 1, A and B). 
We recognized that it is necessary to build a MOF 
with expanded organic links that is based on a net 
with a very different from its dual so as to avoid 
interpenetrating frameworks (Fig. 1, C and D) (7). 

In earlier studies, we found that with aro- 
matic tritopic linkers of the sort used here a closely 
related net (qom) is produced in MOF-177 (Fig. 1F) 
(7), in which alternating octahedral ZnyO(CO2)¢ 
and triangular BTB units produce one of the most 
porous structures yet reported, and for which the 
interpenetrating dual net involves direct links 
between octahedral units and between triangular 
units (Fig. 1, C to E). However, it is impossible to 
create a MOF with such linkages, and an inter- 
penetrating pair of MOFs does not appear. 

Accordingly, an isoreticular non-interpenetrating 
expansion of MOF-177 was targeted by using BTE 
or BBC to make the highly porous materials MOF- 
180 and -200 (Fig. 1, G and H) (/7). The unit cell 
volumes of MOF-180 and -200 are respectively 
1.9 and 2.6 times greater than that of MOF-177, 
with void volumes of 89 and 90% of the crystal 
volume (Table 1). The cage sizes for MOF-180 and 
-200 are 15 by 23 and 18 by 28 A, respectively, 
which is on the border of micropores and meso- 
pores. The bulk density for MOF-200 is 0.22 g cm °, 
implying that the qom net is advantageous to re- 
duce the dead space and increase the gas storage 
capacity per unit volume in a closed tank. This den- 
sity is the lowest for MOF structures, and of any 
other crystals at room temperature except for those 
of the least dense covalent organic frameworks (/8). 

On the basis of our effective use of the qom 
net for the successful synthesis of the non- 
interpenetrating MOF-180 and MOF-200, we rec- 
ognized that other MOFs of nets without self-dual 
tilings could be made if we used mixed organic 
links of mixed connectivity. We used both 
tritopic H;BTB and ditopic H,NDC in a reaction 
with Zn ions to produce ZnyO(CO2)¢ units and 
make MOF-205 (Fig. 2A) (/7). Its structure 
belongs to a cubic space group Pm 3n and con- 
sists of one type of ZnzO(CO )¢ octahedral unit 
whose vertices are connected to four BTB and 
two NDC links [after this work was completed, 
the same compound was independently reported 
as DUT-6 (/9)]. The topology of MOF-205 (ith-d) 
is of considerable intrinsic interest; all the rings of 
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the underlying net are 5-rings, and it forms a face- 
transitive tiling of dodecahedra [5'7] and tetrahedra 
[5°] in the ratio 1:3 (Fig. 2C). The dual structure (ith) 
is an edge-transitive net with tetrahedral and 
icosahedral vertices and very different from the 
original net. 

Attempts at isoreticular expansion of MOF- 
205 by use of the linkers BTE and BPDC 
produced a different but related material (termed 
MOF-210) (Fig. 2B). MOF-210 was prepared 
from a solvothermal reaction of H3BTE, H»BPDC, 
and zinc(II) nitrate hexahydrate (/7). Similar to the 
discovery of MOF-177 (7), this proved to be ser- 
endipitous: Rather than the 12-face tile of ith-d, 
the new topology has 30-face tiles, and the full tiling 
consists of [4°.5~], [4°.5°], and [5] in the ratio 
1:2:3 (Fig. 2D). It is hard to envisage how the con- 
nectivity is determined; however, we believe the 
subtle difference in the link length ratio (for exam- 
ple, 0.76 for MOF-210 and 0.79 for UMCM-2) 
may be important. The dimension of the largest 
cage in MOF-210 is 26.9 by 48.3 A, which com- 
prises 18 ZnO units with 14 BTE and 6 BPDC 
links. The estimated bulk density (void space) is 
0.25 g em * (89%), which is almost the same as 
that for MOF-180. 

Considering the bulk density and void space 
calculated from the crystal structure analyses, 
MOF-200 and -210 are promising candidates to 
realize ultrahigh surface area. Before gas adsorp- 
tion measurements, grand canonical Monte Carlo 
(GCMC) simulations were performed to calcu- 
late nitrogen adsorption isotherms (J 7). Predicted 
isotherms (Fig. 3A) show unusual steps attributed 
to the micropore filling at P/Py = 0.12 and 0.26 
(for MOF-200 and -210, respectively), and total 
nitrogen uptakes in MOF-200 and -210 reaching 
2650 and 2300 cm? g ', respectively. The BET 
and Langmuir surface areas determined from 
these calculated isotherms are respectively 6260 
and 12,040 for MOF-200 and 6580 and 10,450 
m’ g | for MOF-210; these are much higher than 
values reported previously for other porous crystals. 

To assess the architectural stability and po- 
rosity of these low-density MOFs, and to con- 
firm the calculations, we measured nitrogen 
adsorption isotherms on the guest free samples 
of MOF-200, -205, and -210. Preliminary trials 
revealed that the solvent exchange followed by 
pore evacuation under vacuum was not effective 
to activate MOF-200 and -210 without losing the 
porosity. Thus, these crystals were fully ex- 
changed with liquid CO2, they were kept under 
supercritical CO, atmosphere, and then their 
pores were bled of CO, in order to yield activated 
samples (20, 2/). Successful guest removal was 
confirmed by powder x-ray diffraction measure- 
ments and elemental analyses (2/). As shown in 
Fig. 3A, all MOF samples show distinctive steps 
(P/Po = 0.14, 0.09, and 0.27 for MOF-200, -205, 
and -210, respectively), and the profiles for 
MOF-200 and -210 are nearly the same as the 
predicted isotherms. The maximum nitrogen up- 
take capacities at 77 K in MOF-200, -205, and -210 
are 2340, 1410, and 2330 cm? g |, respectively. 


These uptake values in MOF-200 and -210 are 
well beyond those observed for other crystalline 
porous solids (7, 13, 14, 22-24). Further, the mea- 
sured values are near the values predicted on the 
basis of the structure, indicating that these materials 
are well activated. Because of the successful sam- 
ple activation, extremely high BET (and Langmuir) 
surface areas were obtained: 4530 (10,400), 4460 
(6,170), and 6240 (10,400) m* g! for MOF-200, 
-205, and -210, respectively (25). The BET surface 
area of MOF-210 is the highest reported for crys- 
talline materials. It has recently been shown that 


the BET method applied to nitrogen adsorption 
isotherms provides physically meaningful values 
for the surface areas of MOFs (25). 

Given the exceptional properties of such 
materials, it is expected that MOFs with ultra- 
high surface area would exhibit exceptional gas 
storage capacity. Accordingly, this series of 
MOFs was subjected to high-pressure hydrogen 
(77 K) and methane (298 K) adsorption so as to 
examine their potential utility in the storage of gas- 
eous fuels (Fig. 3, B and C, and table $12). In 
hydrogen isotherms, these MOFs reach saturation 


Fig. 1. Connectivity of pyr and qom (6,3)-coordinated nets. For pyr (A), pairs of pyr nets can naturally 
interpenetrate (B). In contrast, qom is not self-dual (C to E); the connectivity of the net of the dual tiling 
for qom (D) is very different from the original (C). Crystal structures of MOF-177 (F), MOF-180 (G), and 
MOF-200 (H) are found in qom net (C). The yellow ball is placed in the structure for clarity and to indicate 
space in the cage. Zn, blue, tetrahedral; O, red; and C, black. Hydrogen atoms are omitted for clarity. 
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Fig. 2. Crystal structures of 
MOF-205 (A) and MOF-210 
(B). The yellow and orange balls 
are placed in the structure for 
clarity and to indicate space in 
the cage. Atom colors are the 
same as in Fig. 1. Tiling of (C) 
ith-d and (D) toz nets. 


uptakes, and the saturation pressure increases 
with an increase in the cavity size. The surface 
excess hydrogen uptake in MOF-210 (86 mg g ') 
is higher than those in MOF-5, MOF-177, 
UMCM-2, and NOTT-112 (13, 14, 22, 26, 27). 
The total uptake that a material can store is more 
relevant to the practicability of using Hp as a fuel, 
but it cannot be measured experimentally. There- 
fore, we estimated this value using the pore vol- 
ume and the density of hydrogen at 77 K (22). 
The calculated gravimetric hydrogen density in 
MOF-210 (176 mg g ') exceeds that of typical 
alternative fuels (methanol and ethanol) and 
hydrocarbons (pentane and hexane). MOF-200 
and -205 also show large total hydrogen uptake 
(163 and 123 mg g ', respectively); again, these 
values are higher than MOF-177 (22). 

Methane uptake was measured at 298 K 
and up to 80 bar (Fig. 3C); under the present 
experimental conditions, all isotherms were not 
saturated. Although the excess methane uptake 
in MOF-200, -205, and -210 (234, 258, and 264 
mg g! at 80 bar, respectively) were smaller 
than that in PCN-14 (253 mg g ' at 290 K and 
35 bar, respectively) (28), the calculated total 
uptakes (446, 394, and 476 mg g | for MOF-200, 
-205, and -210, respectively) were more than 50% 
greater than those of PCN-14. Moreover, the cor- 
responding volumetric methane densities in the 
present MOFs are respectively 2, 3, and 2.5 times 
greater than volumetric bulk density (grams per 
liter) of methane at the same temperature and 
pressure (table $12). Because the isotherms are 
nearly linear up to 80 bar, these materials can 
deliver most of the sorbed methane in the pres- 
sure range between 10 to 200 bar. 

Large storage volumes should also be desir- 
able for short-term CO, storage. High-pressure 
CO) isotherms for all three MOFs were collected 
and are presented in Fig. 3D. These MOFs show 
sigmoidal isotherms, and the pressure for the 
steep rise reflects the pore size of the MOFs. An 
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S age isotherm for MOF-205 is saturated at a pressure 
5 Ee MOE dio emicied 6 ‘ of 37 bar, whereas the saturation pressure for MOF- 
2 3 oe 200 and -210 are ~SO bar. In contrast to hydrogen 
2 © MOF-210 and methane uptakes, the amounts of excess CO, 
3 Piczo. “eee 4 Sor Sos uptake are directly related to the total pore volume. 
eMOF2I0 & MOFS SMOG G4) The CO uptake value of 2400 mg g! in both 
amore MOF-200 and -210 exceeds those of any other po- 
40 60 rous material, such as MOF-177 and MIL-101c(Cr) 

c Reenter (1470 and 1760 mg g ’, respectively) (24). 

The ultrahigh surface areas exhibited b 

_ one ra nad a MOF-200 and. 5 10 are near the ultimate limit for 
— ® MOF-210 a solid materials. To appreciate this, it is useful to 
2 a. MorA77 note that all these compounds have a volume- 
g oe specific surface area in the range of 1000 to 2000 
2S eesin Pw” m’ cm>=1 x 10° to 2 x 10° m, and for a 
= enor YA OO eam cube of edge d the external surface area/volume 
oO ® MOF-200 firs is 6d°/d° = 6/d. Thus, for a monodisperse powder 
4 a of cubic nanoparticles to have external surface that 
0 20 40 60 80 0) 10 20 30 40 50 60 is equal to that of these MOFs the cube edge 
Pressure / bar Pressure / bar would have to be only 3 to 6 nm, which is a size 


Fig. 3. (A) Low-pressure N> isotherms of MOF-5, -177, -200, -205, and -210 at 77 K. Simulated far too small to practically realize in stable dry 
isotherms of MOF-200 and -210 were overlaid. P/Pp, relative pressure. High-pressure Hz isotherms were powders and therefore impossible to access the full 
measured at 77 K (B), and (C) CH, and (D) CO, isotherms were measured at 298 K of the same MOFs. surface area of such particles. This analysis 
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emphasizes that MOFs are truly “nanomaterials 
in the sense that they can be designed to give 
volume-specific surface areas that are equal to the 
external surface areas of nanometer-sized particles. 
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Calcareous Nannoplankton Response 
to Surface-Water Acidification Around 
Oceanic Anoxic Event 1a 


Elisabetta Erba,?* Cinzia Bottini, Helmut J. Weissert,” Christina E. Keller? 


Ocean acidification induced by atmospheric CO may be a major threat to marine ecosystems, particularly to 
calcareous nannoplankton. We show that, during the Aptian (~120 million years ago) Oceanic Anoxic Event 
1a, which resulted from a massive addition of volcanic CO, the morphological features of calcareous 
nannofossils traced the biological response to acidified surface waters. We observe the demise of heavily 
calcified nannoconids and reduced calcite paleofluxes at the beginning of a pre-anoxia calcification crisis. 
Ephemeral coccolith dwarfism and malformation represent species-specific adjustments to survive lower 
pH, whereas later, abundance peaks indicate intermittent alkalinity recovery. Deepwater acidification 
occurred with a delay of 25,000 to 30,000 years. After the dissolution climax, nannoplankton and carbonate 
recovery developed over ~160,000 years under persisting global dysoxia-anoxia. 


plus [that is, over 500 parts per million 

(ppm)] in the ocean lowers pH and reduces 
the CaCOs saturation state, consequently acceler- 
ating carbonate dissolution in the deep sea (/). The 
effect of modern surface-water acidification on 
organisms with CaCO3-based skeletons or tests, 
such as calcareous nannoplankton, remains elusive 
(2-6). Throughout Earth’s history, there is evidence 
of large CO, releases, greenhouse conditions, ocean 
acidification, and major changes in biota, partic- 
ularly in marine calcifiers (7). In many cases, the 
geological record indicates that ocean biota can 


Te dissolution of an atmospheric CO) sur- 
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adapt to increased acidity; however, past examples 
of ocean acidification occurred over tens of thou- 
sands of years, giving time for life to adjust to CO, 
concentrations as high as 2000 to 3000 ppm (7). 

The early Aptian [121 to 118 million years 
ago (Ma)] represents a case history of excess CO» 
derived from a major volcanic episode, namely 
the emplacement of the Ontong Java Plateau 
(OJP) (8, 9), which is marked by changes in the 
evolutionary rates, species richness, abundance, 
and calcite production of calcareous nanno- 
plankton (/0-/2). These changes occurred dur- 
ing Oceanic Anoxic Event la (OAEla) (~120 
Ma), which was a time of severe global warming 
(13, 14). Although global anoxia and enhanced 
organic matter burial are the most striking and 
intriguing paleoceanograhic phenomena during 
this event, OAEla sediments reveal a sequence 
of CO; pulses (/5) and weathering changes (/6). 
For example, the cutoff of carbonates during 


OAE la is the result of volcanogenic CO>-related 
ocean acidification (7, 10, 17). 

We analyzed calcareous nannofossil assem- 
blages from two drill sites in the Tethys (Cismon 
core) and Pacific [Deep Sea Drilling Project 
(DSDP) site 463] Oceans (fig. S1) (78). At both 
sites, nannofossil changes integrated with geo- 
chemical and cyclochronological data (/5, 19) 
identify and date the effects of acidification on cal- 
careous nannoplankton. Shortly before magnetic 
chron MO (Fig. 1), at 121.3 Ma (79), nannoconid 
abundance declined and nannofossil paleofluxes 
(tracing nannoplankton carbonate production and 
accumulation) decreased as response to a major 
injection of volcanogenic CO). Later, a sharp nan- 
noconid crisis at 120.25 Ma was part of a global 
calcification failure of planktonic and benthic cal- 
cifiers in pelagic and neritic settings under excess 
CO, in the ocean-atmosphere system (/7). During 
the 1-million-year-long interval between these two 
events, the geological record reveals subtle effects of 
ocean acidification traced only by nannofossils, and 
specifically by the heavily calcified nannoconids, 
with trivial effects on other coccoliths and appa- 
rently no evidence in the lithologic and geochem- 
ical records. Although the negative carbon isotopic 
event (CIE) at the beginning of global anoxia 
(~120 Ma) coincides with the drop in carbonate 
content, there was an increase in relative abundance 
of Biscutum constans, Zeugrhabdotus erectus, and 
Discorhabdus rotatorius, represented by dwarfed 
specimens (Fig. 1). Size variation was species- 
specific at both sites, because B. constans displays 
the most pronounced morphometric decrease (a 
volume/mass reduction of 50 to 60% for single 
coccoliths), whereas Z. erectus diminishes in size 
to a lesser extent (a volume/mass reduction of 30 
to 40% for single coccoliths). D. rotatorius also 
exhibits smaller-than-normal sizes throughout the 
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studied interval, reaching minimum dimensions in 
the CIE (a volume/mass reduction of 5 to 10% 
for single coccoliths in the study interval, but up 
to 70% with respect to the holotype). Watznaue- 
ria barnesiae shows minor changes in abundance 
and average size, but several malformed/deformed 
specimens occur in the CIE interval (fig. S2). 

In the Cismon core, approximately 25 to 30 
thousand years (ky) after the nannoconid crisis 


and just before the first OAE1a black shale, nan- 
nofossil assemblages in pseudonodular limestone 
show a relative increase in abundance and diver- 
sity, a minimum of nannoconids, and increased 
relative abundance of B. constans, Z. erectus, and 
D. rotatorius (Fig. 2, interval 2). The '°C curve 
is stable through this interval, and therefore an 
individual volcanogenic CO; pulse is unlikely. We 
suggest that this pseudonodular limestone is evi- 
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dence of intense dissolution and reflects a shal- 
lowing of the calcite lysocline up to ~1200 m of 
paleowater depth in the Tethys Ocean, indicat- 
ing a delayed effect of acidification on deep wa- 
ters and position of the calcite compensation 
depth (CCD). 

The beginning of global anoxia was likely 
caused by a paroxysmal volcanic event, evidenced 
by a decrease of the &'°C curve and carbonate 
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Fig. 1. Average coccolith size (+16) of W. barnesiae, B. constans, Z. erectus, 


and D. rotatorius in the Cismon core (A) and DSDP 


abundances are plotted against litho-, bio-, magneto-, and chemostratigraphy 
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available for both the Cismon core (25, 19, 29) and DSDP site 463 (20, 30). 
Photographs of WV. barnesiae document coccolith variations in the pre-CIE, CIE, 
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content. Nannofossils did not experience extinc- 
tion, and insignificant changes in nannofloral 
abundance and diversity occur simultaneously with 
the beginning of dwarfism in B. constans, Z. erectus, 
and D. rotatorius (Fig. 2, interval 3). The smallest 
coccoliths are not systematically in samples with 
their highest relative abundance before and after CIE 
(Fig. 1); therefore, we presume a specific cause for 
the secretion of dwarf coccoliths. A negative 5'%O 
shift that marks interval 3 (lasting <10 ky) suggests a 
major warming event and is consistent with a coeval 
episode reconstructed at DSDP site 463 (20). Nan- 
nofossil paleofluxes show a progressive decrease at 
this time, reaching values close to zero in the CIE 
core (Figs. 2 and 3). Nannofossil paleofluxes do not 
fully mirror total abundance; heavily calcified taxa, 
in particular nannoconids, dominate W. barnesiae in 
terms of mass. Likewise, B. constans, Z. erectus, 
and D. rotatorius increase in abundance, but their 
coccoliths are too small to affect or compensate for 
losses in nannofossil calcite paleofluxes. 

Shortly after the beginning of OAEla, in an 
interval of non-anoxic sediments, a temporary in- 
crease in nannoconid abundance and nannofossil 
paleofluxes, corroborated by a CaCO3 increase 
(Fig. 2, interval 4), indicates a ~15-ky-long stasis in 
the CO; input. Indeed, this interval corresponds to 
less-negative 5'8O values, suggesting a relative 
cooling interrupting the initial warming episode. 
Apparent discrepancy relative to a previous re- 
construction (5), which implies a warming pulse 
derived from biomarkers [interval II of (/5)], is 
possibly caused by different sampling resolution. 


Although there is one temperature anomaly at a 
slightly higher level within the CIE at DSDP site 
463 (20), the 5'°O data show a first warm peak 
followed by less-negative values at the same strati- 
graphic levels depicted in the Cismon core. 

Another CO, pulse [interval III of (/5)] 
corresponds to further reduction of nannoconids 
and nannofossil paleofluxes and a decrease in 
carbonate content, §!°C, and !8O values (interval 
5, ~5 ky). Methane hydrate destabilization may be 
the cause for the most negative 5'°C values 
measured in carbonates [interval IV of (/5)]; here, 
nannofossil assemblages remain rare and charac- 
terized by dwarf coccoliths, whereas nannoconids 
show a final exclusion (interval 6, ~5 ky). In this 
interval, although rare, the heavily calcified 
Assipetra and Rucinolithus nannoliths maintain 
nannofossil paleofluxes above zero (Fig. 3). 

In the following ~45-ky-long interval 7 (Figs. 
2 and 3), nannofossil assemblages are stable, 
whereas 5'*O values gradually increase. The next 
change in nannofossils suggests strong acidifica- 
tion and dissolution, because dwarf coccoliths exist 
in the middle part of CIE where nannofossil 
abundance, diversity, and paleofluxes are least, 
and CaCO; is close to zero. The dissolution- 
acidification climax (intervals 8 to 10) protracted 
for ~70 ky, although minor fluctuations occurred. 
Many samples are barren of nannofossils or exclu- 
sively contain rare dissolution-resistant W. barnesiae, 
Assipetra, and Rucinolithus (mainly in interval 9). 

At the beginning of interval 8, the rapid drop 
in nannofossil abundance, diversity, and paleo- 


fluxes, which are substantiated by the short-lived 
decrease of 5'%O values, suggests another CO, 
pulse rather than a progressive deterioration of 
environmental conditions. A minimal increase in 
CaCO; and nannofossil abundance and fluxes, 
associated with dwarf coccoliths of B. constans, 
Z. erectus, and D. rotatorius, might represent an 
acidification pause, perhaps under cooler con- 
ditions as suggested by less-negative 5'*O values 
(interval 9). Indeed, the coeval increase in relative 
and absolute abundance of Assipetra and Ruci- 
nolithus (Fig. 3) may suggest a temporary ~35- 
ky-long slight alkalinity recovery. A further episode 
of strong dissolution (interval 10, ~20 ky), almost 
identical to interval 8, is presumably initiated by 
another CO} pulse, as inferred from 5/80 and small 
5'3C decreases. 

The initial recovery (Fig. 3, interval 11) cor- 
responds to a minor increase in nannofossil 
abundance, paleofluxes, and CaCO; during a ~75- 
ky-long time interval, followed by a more pro- 
nounced return to pre-CIE conditions, becoming 
again suitable for nannoconids (Fig. 3, interval 12). 
Dwarfism is absent after the full recovery of nan- 
nofossil abundance and paleofluxes, mirroring a 
drop in B. constans, Z. erectus, and D. rotatorius 
relative abundances (Fig. 1). 

Changes in nannofossil assemblages allow the 
discrimination of surface-water acidification from 
bottom-water acidity, which postdates the early 
effects recorded by calcareous nannoplankton. 
Evidence of bottom-water acidification at 120.22 
Ma suggests severe dissolution at the sediment/ 
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Fig. 2. Close-up of the onset of the OAE1a in the Cismon core. Lithology is an original photograph of the split core (100% core recovery). Nannofossil total 
abundance and diversity, nannofossil paleofluxes, single taxon relative abundance, and morphometric data are plotted against CaCO3, C, and O stable isotopes. 
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water interface, presumably induced by the shal- 
lowing of the calcite lysocline up to ~1200-m 
water depth. In the first phase of the CIE, nan- 
nofossil and CaCO; changes enabled a reconstruc- 
tion of further progressive shoaling of the calcite 
lysocline and CCD (Fig. 3). The dissolution climax, 
matching maximum ocean acidification, was ~75 
ky after the beginning of the 8'°C negative anomaly 
and persisted for ~70 ky. We calculate that this 
dissolution maximum resulted from shoaling of the 
Early Cretaceous CCD (2/) up to ~1200 m at a rate 
of 17 m/ky. Recovery occurred at similar rate as the 
CCD and calcite lysocline deepened to >1200 m. 
Although the inferred shoaling and deepening of 
the CCD and calcite lysocline appear to be 
symmetric, the early acidification pulse recorded 
by the nannoconid crisis suggests more rapid 
shoaling at a rate possibly up to 70 m/ky. 

The reconstructed CO; pulses (Fig. 3) suggest 
a stepwise accumulation of CO, in the ocean 
inducing progressive acidification. The possibility 


exists for a major acceleration of weathering in 
the lowermost part of OAEla (/6). Indeed, a 
weathering-induced drawdown of CO, may 
contribute to abundance peak of Assipetra and 
Rucinolithus nannoliths (interval 7), possibly 
representing alkalinity recovery and cooling. 

The occurrence of dwarf coccoliths may be 
the response to a pressure of CO, (pCO ) above 
threshold levels for most species, but which 
actually accelerates photosynthesis and growth in 
some modern r-strategists (organisms that rapidly 
adapt to and reproduce in unstable conditions) 
(22). In this scenario, nannoconids were less CO 
tolerant, whereas B. constans, Z. erectus, and D. 
rotatorius were more tolerant, and W. barnesiae 
was even more adaptable. B. constans, Z. erectus, 
and D. rotatorius are mesotrophic Cretaceous 
indices, and their synchronous abundance increase 
in the Tethys and Pacific Oceans (Fig. 1) suggests a 
global fertilization event. However, dwarfism is not 
systematically associated with increased abundance 
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Fig. 3. Details of the CIE interval in the Cismon core. Nannofossil abundance and paleofluxes, relative 
and absolute abundances of the Assipetra/Rucinolithus group, CaCO; [weight percent (wt %)], and 5*°C 
are plotted versus age (Ma) following the age model of (19). The initial position of the calcite lysocline and 
CCD are based on the reconstruction by (21) for the Cretaceous Tethys Ocean. The history of the calcite 
lysocline and CCD reflects the carbonate chemistry evolution in the Tethys Ocean relative to the Cismon 
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of these mesotrophic taxa, and during OAE]a, the 
highest primary productivity was recorded above 
the CIE. Shallow-water calcifiers also experienced 
a calcification crisis, which was most pronounced 
in the Atlantic and Tethys Oceans; it coincided with 
the “nannoconid crisis’ and OAEla (/7, 23), 
indicating that surface waters were loaded with 
excess CO}. The slow and smooth CaCO; recovery 
after the CIE implies a stasis of OJP emplacement 
and gradual buffering of ocean acidification or a 
decrease in volcanogenic CO, emissions and 
consistently higher CO, drawdown through Corg 
burial and/or weathering. 

A similar, albeit more pronounced, 83C anom- 
aly occurs ~55.8 Ma at the Paleocene Eocene 
Thermal Maximum (PETM) and also suggests 
ocean acidification (24). However, the initial de- 
crease in 5'°C occurred over a few thousand years 
for the PETM and over ~30 ky for OAEla. This 
discrepancy could reflect different causal mecha- 
nisms, namely methane hydrate dissociation for 
PETM (25) and major volcanogenic CO} injec- 
tions for OAE la, or condensation and hiatuses for 
most PETM sections. Indeed, severe dissolution in 
intervals preceding PETM occurs at several deep 
and intermediate sites (7, 24, 26). The difference in 
CIE duration (~100 to 150 ky and ~200 ky for the 
PETM and OAEla, respectively) might reflect 
subsequent pulses accumulating excess CO} in the 
ocean-atmosphere system. The recovery phase is 
also longer for OAEla (~160 ky versus ~30 to 80 
ky), possibly because the more protracted CIE 
perturbation required a longer time interval for 
deep-ocean buffering. 

The response of calcareous nannoplankton to 
ocean acidification in the PETM is unclear, 
because transient, perhaps malformed, taxa may 
be of solely local importance (27) or indicative of 
unsaturated surface waters at global scale (26). 
Reconstructed rates of originations and extinc- 
tions at the onset of PETM indicate modest effects 
of ocean acidification on evolutionary trends (28). 
It has also been suggested that a major nanno- 
plankton turnover occurred during OAEla (//). 
However, our data demonstrate that rising pCO 
and surface-ocean acidification during OAEla 
triggered false extinctions (a so-called Lazarus 
effect) among calcareous nannoplankton. Con- 
versely, a major origination episode starts approx- 
imately 1 My before global anoxia and persists 
through OAE 1a and associated acidification (/0). 
Increasing pCO, triggered coccolith malfor- 
mation and solicited production of r-strategist 
taxa, which secreted dwarf coccoliths as a strategy 
to overcome acidification. 
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The Landscape of C. elegans 3'UTRs 
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Three-prime untranslated regions (3'UTRs) of metazoan messenger RNAs (mRNAs) contain numerous 
regulatory elements, yet remain largely uncharacterized. Using polyA capture, 3’ rapid amplification of 
complementary DNA (cDNA) ends, full-length cDNAs, and RNA-seq, we defined ~26,000 distinct 3’UTRs 
in Caenorhabditis elegans for ~85% of the 18,328 experimentally supported protein-coding genes and 
revised ~40% of gene models. Alternative 3’UTR isoforms are frequent, often differentially expressed 
during development. Average 3’UTR length decreases with animal age. Surprisingly, no polyadenylation 
signal (PAS) was detected for 13% of polyadenylation sites, predominantly among shorter alternative 
isoforms. Trans-spliced (versus non—trans-spliced) mRNAs possess longer 3’UTRs and frequently contain no 
PAS or variant PAS. We identified conserved 3’UTR motifs, isoform-specific predicted microRNA target 
sites, and polyadenylation of most histone genes. Our data reveal a rich complexity of 3’UTRs, both 


genome-wide and throughout development. 


he 3’ untranslated regions (3'UTRs) of 

mRNAs contain cis-acting sequences that 

interact with RNA-binding proteins and/or 
small noncoding RNAs [such as micro RNAs 
(miRNAs)] to influence mRNA stability, localiza- 
tion, and translational efficiency (/—3). The dif 
ferential processing of mRNA 3’ ends has evident 
roles in development, metabolism, and disease 
(4, 5). Despite these critical roles, genome-wide 
characterization of 3‘UTRs lags far behind that of 
coding sequences (CDSs). Even in the well-annotated 
genome of Caenorhabditis elegans, nearly half 
(~47%) of the 20,191 genes annotated in WormBase 
(release WS190) (6, 7) lack an annotated 3'UTR, 
and only ~1180 (~5%) are annotated with alter- 
native 3'UTR isoforms (fig. S1, A and B). 

We have taken a multifaceted, empirical ap- 
proach to defining the 3'UTR landscape in C. 
elegans (figs. S2 to S5 and tables S1 to S4) (8). We 
prepared developmentally staged cDNA libraries 
composed of mostly full-length clones spanning 
from 5’ capped first base to polyadenylated (polyA) 
tail, and we annotated 16,659 polyA addition sites 
in 11,180 genes by manually curating ~300,000 
Sanger capillary sequence traces in National Center 
for Biotechnology Information (NCBI) AceView 
(9). We developed a method to capture the 3’ ends 


of polyadenylated transcripts genome-wide by 
deep sampling and generated a comprehensive 
developmental profile comprising more than 2.5 
million sequence reads from Roche/454 (fig. S2 to 
S5 and tables S1 to S4). We cloned 3’ rapid am- 
plification of cDNA ends (RACE) products directly 
targeting 3‘UTRs for 7105 CDSs (6741 genes) in 
both the Promoterome (/0) and ORFeome (//) 
collections, and we recovered one or more se- 
quenced isoforms for 85% of the targets (figs. S2 
and S5 and tables S1 to S4) (8, /2). Finally, we 
remapped and annotated polyA addition sites in 
published RNA-seq data (/3, /4). 

All data sets were mapped, cross-validated, con- 
solidated, and filtered to eliminate obvious exper- 
imental artifacts, including internal priming on 
A-tich stretches (Fig. 1A) (8). These data sets are 
not yet saturated: Whereas for most genes (11,516 or 
73%), at least one 3'UTR isoform is supported by 
two or more experimental approaches, 47% of tran- 
scripts are observed by only one method (in part due 
to limitations specific to each protocol) (Fig. 1 and 
tables S3 and S4) (8). The resulting 130,090 distinct 
polyA sites, identified at single-nucleotide resolu- 
tion and supported by more than 3 million inde- 
pendent polyA tags, were clustered into 26,967 
representative polyA sites. Due to biological varia- 


tion, 86% of tags occur within 4 nucleotides of rep- 
resentative sites, although individual polyA tags 
may spread over ~20 nucleotides (fig. S6). 

Linking polyA sites to their parent genes 
proved to be a challenge, as many previous gene 
models were incomplete or incompatible with our 
new data. Using all available empirical evidence, 
we reannotated in AceView the C. elegans gene 
models (9). Of the 15,683 protein-coding genes 
with both polyA sites and cDNA support, 57% 
confirm the structure of WormBase WS190 gene 
models. The remainder encode different proteins, 
usually representing different cDNA-supported 
splice patterns: ~25% share the same stop codon, 
~12% use a different stop (hundreds of those cor- 
respond to fusions or splits of earlier gene models), 
and ~6% are not yet annotated in WormBase 
(supporting data sets S1 and S2). 

This integrated collection, herein called the 
3'UTRome (fig. S1 and data set S2), provides evi- 
dence supporting 3'UTR structures for ~74% of 
all C. elegans protein-coding genes in WormBase 
WS190, including previously unannotated iso- 
forms for ~7397 genes (fig. S1, A to D). The 
length distribution of 3’UTRs parallels that in 
WormBase (fig. S1D), with a mean of 211 nu- 
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cleotides (nt) (median = 140 nt). The 3’; UTRome 
matches 61% of WormBase 3'UTRs within +10 nt 
(6714 polyA ends for 6563 genes) and contains 
thousands of longer or shorter isoforms (fig. S1A). 
We identified 6177 polyA ends for 4466 genes 
with no previous 3'UTR annotation and discovered 
1490 polyA ends for 1031 genes not yet represented 
in WormBase (fig. S1A and data sets S1 to S3). 

We annotate more than one 3’'UTR isoform 
for 43% of 3'UTRome genes (figs. S1 and S7). Of 
these, a majority (65%) reflects alternative 3’-end 
formation at distinct locations in the same terminal 
exon for proteins using the same stop; the remain- 
der use distinct stops in the same last exon or dis- 
tinct last exons. Very rarely (79 examples), an intron 
within the 3’'UTR is excised or retained (fig. S8), 
potentially affecting functional sequence con- 
tent elements (fig. S8C). Indeed, putative binding 
sites for miRNAs (this study) or ALG-1 (/5) 
were identified in the variable regions of some 
of these transcripts. About 2% of genes possess 
five or more 3’UTR isoforms (Fig. 1A and figs. 
S1B and S7). 


A 
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To identify putative cis-acting sequences that 
may play a role in 3’-end formation, we scanned 
the 50 nt upstream of the cleavage and polyA ad- 
dition sites for all possible 5- to 10-mers and as- 
signed the most likely polyadenylation signal (PAS) 
motif to each 3'UTR using an iterative procedure 
based on enrichment and centering of the k-mers. 
The canonical PAS motif AAUAAA (seen in 39% 
of 3’ ends) and many variants differing by 1 to 2 nt 
are detected, with distributions all peaking 19 nt 
upstream of the polyA site (figs. S9, S10, and table 
S5) (8). The canonical signal predominates in genes 
with unique 3'UTRs (57%). However, many high- 
quality 3‘UTRs (3658) lack a detectable PAS motif 
altogether (Fig. 1, B and C). All PAS variants are 
embedded within a T-rich region that spikes 5 nt 
downstream of the PAS motif and extends about 
20 nt beyond the cleavage site (Fig. 1D). 3’UTRs 
with no PAS tend to be T-rich throughout, except 
for a very A-rich eight-nucleotide region just after 
the cleavage site (Fig. 1D). Thus, a functional PAS 
motif with strict sequence specificity appears dis- 
pensable for 3’-end formation in C. elegans. 
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Fig. 1. The 3'UTRome and 3’UTR PAS. (A) The number of genes and isoforms detected in, or specific to, 
each data set and cumulative totals in WS190 and 3’UTRome annotations. (B) PAS motif frequencies: 
AAUAAA (39%), variant PAS (1 to 9%), and no PAS (13%). (C) PAS usage in genes with one or two (short 
and long) 3’UTR isoforms. (D) Nucleotide distribution spanning +60 nt around the polyA addition site, in 
3’UTRs with: AAUAAA (top), 10 most common variant PAS (middle), and no PAS (bottom). Alignments, 
centered at —19 nt, show a T-spike at 5 nt downstream of PAS (asterisk), polyA addition site (red arrow), and 
T-rich region downstream of cleavage site. The A-rich peak downstream of “no PAS” is not enriched for 
AAAAAA, suggesting an A-rich motif at that location rather than artifactual A-rich ends. 
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Among genes with alternative 3'UTRs, suc- 
cessive polyA sites show a marked asymmetry: 
The longest isoform prefers a PAS, whereas shorter 
isoforms more often show no PAS (Fig. 1C and 
fig. S11). The distance between alternative polyA 
sites peaks at ~40 nt, with resonances at ~80 and 
~140 nt (fig. S11A). This regularity suggests that 
a physical constraint (possibly queuing transcrip- 
tion complexes) could contribute to cleavage and 
polyA addition at some upstream sites, which 
may, therefore, depend less on instructive cues 
from signal sequences. 

Because many C. elegans genes undergo trans- 
splicing of a splice leader (SL) to the 5’ end of a 
nascent transcript (/6), we asked whether any prop- 
erties of transcript 5’ and 3’ ends correlate (Fig. 2, A 
and B). About 15% of C. elegans genes belong to 
transcriptional units called operons, each containing 
two to eight genes that can be cotranscribed, cleaved 
into separate transcripts, polyadenylated, and trans- 
spliced with specific leaders (Fig. 2, A and B). The 
first gene in an operon is trans-spliced only to SL1; 
downstream genes are usually trans-spliced to 1 of 
11 other SLs (SL2 to SL12), although we observed 
that two-thirds of these genes occasionally become 
trans-spliced to SL1. The processing of adjacent 
operon transcript ends (cleavage, polyA addition 
to the upstream transcript, and SL addition to the 
downstream transcript) is coupled mechanistically 
by machinery resembling the cis-splicing apparatus 
(17). Comparing 3'UTRs within operons, we ob- 
serve that the “first” (SL1-spliced), “middle” (any 
gene between first and last), and “last” genes pro- 
gressively decrease in average length (from 266 to 
213 nt), number of 3'UTR isoforms per gene (from 
2.64 to 2.51), and frequency of 3'UTRs with no 
PAS (from 23 to 18% in ~1400 sites) (Fig. 2B). 

However, only a small fraction (13%) of the 
7026 mainly SL1-spliced genes clearly belongs to 
an operon, and these genes differ notably from 
non-operon SL1-spliced genes in their usage of the 
canonical AAUAAA hexamer (22% of 1409 sites 
versus 32% of 10,879 sites, respectively). Further- 
more, we observed the canonical PAS motif much 
more frequently in non-trans-spliced than in SL- 
containing transcripts (43% of 5131 sites versus 
30% of 14,873 sites) (Fig. 2A). Whereas “stan- 
dard” non-trans-spliced genes have ~30% more 
3'UTR isoforms per gene than “isolated” ones 
having no neighbor within 2 kb (2.4 versus 1.7), 
these non-trans-spliced genes are more similar to 
each other than to trans-spliced genes, because 
they have shorter and fewer 3’'UTR isoforms and 
higher canonical PAS usage. Thus, trans-splicing 
within operons appears to enhance (directly or in- 
directly) the activity of noncanonical PAS sequences 
upstream, and trans-splicing at the 5’ end cor- 
relates with distinct properties at the 3’ end of the 
same transcript, independent of 5'-end processing 
downstream. 

Unexpectedly, the 3’UTRome reveals poly- 
adenylated transcripts for nearly all histone genes 
(fig. S12 and table S6). The major class of 
replication-dependent histones (H2a, H2b, H3, 
and H4) is not thought to be polyadenylated in 
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metazoans; instead, their 3’ ends form a stem- 
loop structure that is recognized and cleaved sev- 
eral nucleotides downstream by U7 small nuclear 
ribonucleoprotein and factors such as stem- 
loop binding protein (18, 19). C. elegans has 61 
cDNA-supported histone genes (9) that all harbor 
conserved sequences with 3’ stem-loop potential; 
however, they also contain conserved PAS ele- 
ments downstream of the hairpin sequence (20). 
Because C. elegans histone transcripts have also 
been shown to terminate in the typical stem-loop 
structure and to be depleted in successive rounds 
of polyA selection (20), we were surprised to re- 
cover polyadenylated transcripts for 57 histone 
genes in multiple, independent data sets (fig. S12 
and table S6). This finding suggests that, at least in 
C. elegans (and perhaps also in higher metazoans), 
the usual route for histone mRNA 3’-end processing 
may include initial cleavage and polyA addition at 
conserved PAS sites, followed by further processing 
to remove sequences downstream of the stem-loop. 

We searched 3’UTRs for conserved sequence 
motifs and other potential functional elements. We 
updated our atlas of predicted conserved miRNA 
targets for the 3'UTRome, using the PicTar algo- 
rithm with new 3- and 5-way multispecies align- 
ments (Fig. 3, fig. S13, and table S7). Roughly half 
of the newly predicted sites match our previous 
predictions (2/), but many sites are gained or lost 
(fig. S13A and table S7). These differences reflect 
improvements in both 3‘UTR annotations and mul- 
tispecies alignments, which increase the accuracy 
of conserved-seed site identification and signal-to- 
noise ratios (8). More than 3000 PAS motifs are 
positionally conserved among Caenorhabditis spe- 
cies, including within altemative 3'UTRs (fig. S13B). 
Thus, maintenance of multiple specific 3’ termini 
may be functionally important for some genes. 
Thousands of unexplained conserved sequence 
blocks of varying lengths within 3/UTRs (Fig. 3B 
and table S7) may represent previously unrecog- 
nized functional elements that await further char- 
acterization. In vivo Argonaute (ALG-1) binding 
sites (J5) overlap significantly with predicted 
miRNA target sites but not with other conserved 
blocks (table S7), indicating that the latter are, 
overall, not directly related to microRNA func- 
tion (8). For 1876 convergently transcribed neigh- 
boring genes, overlapping 3’ regions could pair as 
double-stranded RNA if coexpressed, potentially 
triggering endogenous small interfering RNA pro- 
duction (22) that could down-regulate cognate 
mRNAs (fig. S14 and data set S4). 

We examined altemative 3'UTR isoforms in 
different developmental stages (Fig. 4) and found a 
downward trend in average length and number of 
3'UTRs per gene from the embryonic through the 
adult stage (Fig. 4, A and B). Among genes ex- 
pressed in more than one developmental stage, em- 
bryos display the largest proportion of stage-specific 
3'UTR isoforms, and these tend toward longer iso- 
forms (Fig. 4, B and C, tables S8 and S9, and data 
set S5). Some genes switch 3'UTR length coinci- 
dent with developmental transitions, most notably 
from embryo to L1, L1 to dauer entry, dauer exit to 


L4, and in adult hermaphrodites versus males (Fig. 
4D, table S9, and data sets S5 and S6). Thus, 3’ 
UTR-mediated gene regulation may be widespread 
in the C. elegans embryo, and differential expression 
of alternative isoforms may represent a mechanism 
to engage or bypass 3/UTR-mediated regulatory 
controls in specific developmental contexts (23, 24). 

The 3‘UTRome compendium evidences sup- 
port for multiple mechanisms of transcript 3'-end 
formation in C. elegans, including standard PAS- 
directed 3’-end formation from a large collection 
of PAS variants, regularly spaced “shadow” polyA 
addition sites devoid of recognizable signals, and 
both operon-dependent and -independent corre- 
lations between features at the 5’ and 3’ ends of 


the same or of consecutive transcripts that are con- 
sistent with the possibility that trans-splicing and 
3'-end processing within a gene could occur by 
functionally linked mechanisms. We characterize 
thousands of previously unknown and alternative 
3'UTR isoforms throughout development, define 
a comprehensive catalog of PAS elements, dis- 
cover a surprising number of polyadenylated tran- 
scripts with no discernable PAS, and definitively 
document polyadenylation of histone transcripts. 
We also identify conserved sequence elements in 
3'UTRs that may interact with trans-acting factors 
such as miRNAs and RNA-binding proteins, some 
of which occur within variable regions of alter- 
native 3/UTRs. A collection of cloned 3'UTRs 
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Fig. 2. 3'UTRs in operons and trans-spliced versus non—trans-spliced mRNAs. (A) Trans-spliced (top) and non— 
trans-spliced (bottom) mRNAs: 3‘UTR median (and average) lengths, number of 3’UTR isoforms per gene (polyA 
sites, black flags), and PAS preference (pie charts: % 3'UTRs with AAUAAA, variant PAS, and no PAS). (B) (Top) 
Schematic of operon (left, n = 574 operons), non-operon (center, n = 4348 genes), and isolated (right, n = 
2098) genes. Initial operon genes (red) are SL1—trans-spliced; downstream genes (purple) usually acquire one of 
the other SLs (SL2 to SL12). Non-operon genes are either SL1—-trans-spliced (red, n = 3530) or not trans-spliced 
(black, n = 818). Isolated genes (having no neighbors within 2 kb) are not trans-spliced (orange, n = 2098). 
(Bottom) 3’UTR lengths, number of isoforms, and PAS sites for operon and non-operon genes. 
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developmental transitions: embryogenesis, four larval 
stages, and adults. In unfavorable environments, L1 
larvae arrest in dauer stage and can re-enter the life 


cycle as L4 larvae. herm, hermaphrodites. (B) The number of 3’UTR isoforms per gene decreases 
significantly during development (blue) (*p ~ 0.004, permutation test). The average length of 3’UTRs 
decreases during development (red). Adult males have shorter average 3’UTRs than hermaphrodites. 
Embryos show more stage-specific 3’UTR isoforms for genes expressed during multiple developmental 
stages (green) (see table $8). (C) Proportion of genes showing stage-specific expression of alternative 
3'UTR isoforms (see table $9). Embryos and dauers favor longer 3’UTR isoforms. (D) Differential 3'UTR- 
isoform expression during development (ubc-18 shown; see data sets S5 and S6 for details). The bar 
chart illustrates the relative abundance of short versus long 3’UTR isoforms for ubc-18 in each stage (sum 
per stage = 100%, left y axis). The line graph shows the relative abundance across all stages (sum per 
gene across all stages = 100%, right y axis). Green bars highlight differences in 3’UTR isoform usage in 
the embryo-to-L1 transition and between adult hermaphrodite and male stages. Green arrows indicate 


dauer entry and exit transitions. 
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for several thousand C. elegans genes is available 
to the research community for high-throughput 
downstream analyses and in vivo studies (table 
S10 and data set S7) (8). 
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In animal cells, the primary cilium transduces extracellular signals through signaling receptors 
localized in the ciliary membrane, but how these ciliary membrane proteins are retained in the 
cilium is unknown. We found that ciliary membrane proteins were highly mobile, but their 
diffusion was impeded at the base of the cilium by a diffusion barrier. Septin 2 (SEPT2), a member 
of the septin family of guanosine triphosphatases that form a diffusion barrier in budding yeast, 
localized at the base of the ciliary membrane. SEPT2 depletion resulted in loss of ciliary membrane 
protein localization and Sonic hedgehog signal transduction, and inhibited ciliogenesis. Thus, 
SEPT2 is part of a diffusion barrier at the base of the ciliary membrane and is essential for 
retaining receptor-signaling pathways in the primary cilium. 


he primary cilium is an antenna-like or- 

| ganelle protruding from the apical surface 
of almost every cell in a wide variety of or- 
ganisms. The ciliary membrane is contiguous with 
the apical plasma membrane but has a unique 
set of proteins that sense and transduce a variety 
of extracellular signals, such as Sonic hedgehog 
(Shh) (/). These signaling pathways regulate gene 
expression during development and in adult life, 


Fig. 1. (A) FRAP of proteins in the 
whole cilium 24 hours after serum 
starvation. IMCD3 cells stably (a) or 
transiently (b) expressing Htr6°” or 
IFT88‘"* (d), and Smo” stably expressed 
in MEFs treated with 100 nM SAG for 
24 hours (c); arrowheads mark one end 
of the cilium. Scale bars, 5 um. (B) Ki- 
netics of average (+SEM) fluorescence 
recovery of proteins photobleached in 
the whole cilium (a, b; n = 8 to 12). 
Summary of fluorescence recovery of 
ciliary membrane proteins as a percent- 
age of the initial unbleached fluorescence 
level compared with IFT88”" distribution 
(c; ***P < 0.0001). (C) FRAP of Htr6°? 
(a), Smo (b), and IFT88" (©) represented 
as heat-map images after photobleach- 
ing part of the cilium in IMCD3 cells; 
dotted lines mark the photobleached/ 
unbleached boundary. Scale bars, 5 um. 
(D) Representative example of kinetics of 
fluorescence recovery of photobleached 
region (orange curve), unbleached 
region (blue curve), and the two regions 
combined (red curve) of a primary cilium 
(n = 12 to 13). 
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and mutations in ciliary proteins give rise to a 
range of developmental defects (2, 3). 

Signal transduction by the primary cilium 
depends on the enrichment of specific proteins 
in the ciliary membrane. Protein trafficking and 
intraflagellar transport from the cytoplasm into 
the cilium establish the characteristic intra- 
cellular distributions of ciliary membrane 
proteins (4, 5), but it is unknown how these 


Htr6seP SmorvFP IFT88YFP 
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proteins are subsequently retained in the ciliary 
membrane: For example, they might be immo- 
bilized in the cilium or impeded by a diffusion 
barrier (6-10). 

To investigate these possible mechanisms, 
we used fluorescence recovery after photobleach- 
ing (FRAP) (//) to measure the diffusional mo- 
bility of four ciliary membrane proteins tagged 
with green fluorescent protein (GFP): two G 
protein-coupled receptors [serotonin receptor 6 
("Htr6s"?) and somatostatin receptor (Sstr3°"?) 
(/2)], and the membrane-anchored and ciliary- 
targeted cytoplasmic tail (amino acids | to 193) 
of fibrocystin (c7sPKHD1°") (73) in primary 
kidney inner medullary collecting duct (IMCD3) 
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Fig. 2. (A) SEPT2 localization at 
the cilium of IMCD3 cells stably 
expressing “Htr6°"" (a), MEFs sta- 
bly expressing Smo’ treated with 
100 nM SAG for 24 hours (b), and 
IMCD3 cells stained for acetylated 
a-tubulin (““Tub) (c; higher mag- 
nification of boxed region shown 
at the bottom), and imaged with a 
super-resolution Optical Microscope 
Experimental (OMX) system using 
three-dimensional structured illu- 
mination (d). Scale bars, 2 um. (B) 
SEPT2 and “Tub localization at the 
cilium of IMCD3 cells transiently 
expressing CEP164" (a), Odf2'4 
(b) or PeriCT*? (0). Scale bars, 2 um. 
(Lower panels) Fluorescence intensity 
profiles of protein staining from the 
basal body to the tip of the cilium. 
(C) IMCD3 cells grown for 24 hours 
without (-) or with (+) serum and 
stained for SEPT2, o:-tubulin (c-tub), 


A 


FlHtr@seP 


and y-tubulin (y-tub). Scale bars, 7— 

2 um. (D) Percentage of cells with % 

SEPT2 localized at the base of pri- a 

mary cilia (-serum) or pericentriolar ; 

region (+serum). Error bars repre- = § - 
sent SD of three independent ex- ~ Pixels 
periments (n = 60 to 178 each; C 


***P < 0.0001). 


Fig. 3. (A) IMCD3 cells transfected with scrambled 
(scramble) or SEPT2 siRNA (siSEPT2), serum-starved to 
induce ciliogenesis, and stained for SEPT2 and Tub. 
Scale bars, 10 um. (B) Whole-cell lysates of scramble 
and siSEPT2 cells immunoblotted for SEPT2 and 
glyceraldehyde phosphate dehydrogenase (GAPDH); 
lower panel, SEPT2 band intensities normalized to 
GAPDH. (C) Percentage of scramble and siSEPT2 cells 
with a cilium >1 um long (+SD of three independent 
experiments; n = 101 to 205 each; **P = 0.0098). (D) 
IMCD3 cells (Parental), and IMCD3 cells stably depleted 
of SEPT2 using shRNA1, shRNA2, or shRNA3, stained for 
SEPT2, “Tub, and 4’,6’-diamidino-2-phenylindole 
(DAPI). Scale bars, 10 um. (E) Whole-cell lysates of 
parental IMCD3 cells and three arbitrarily chosen clones 
of shRNA1, 2, or 3 cells immunoblotted for SEPT2 and 
GAPDH; lower panel, SEPT2 band intensities normalized 
to GAPDH, and percentage of parental and shRNA1, 
2, and 3 IMCD3 cells with a cilium (n = 115 to 282). 
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cells, and the Shh signaling pathway transducer 
smoothened (Smo’'”) (/4) in mouse embryonic 
fibroblasts (MEF). All of these proteins localized 
to the cilium, but none recovered fluorescence 
when the whole cilium was photobleached (Fig. 1, 
A and B; fig. S1, A and B; and movies S1 to S6) 
(/5), even though their mobility was high in the 
periciliary membrane, as shown for Htr6*"” (fig. 
SIC, table S1, and movie $7). In contrast, flu- 
orescence recovery of the intraflagellar transport 
complex protein IFT88 (IFT88°"”) (16, 17) was 
high (Fig. 1, A and B, table S1, and movie S8). 

The low diffusional mobility of these ciliary 
membrane proteins might be due to their im- 
mobilization within the primary cilium or to the 
presence of a diffusion barrier at the base of the 
ciliary membrane. To distinguish between these 
possibilities, we photobleached part of the cil- 
ium and measured the fluorescence recovery of 
ciliary membrane proteins (Fig. 1, C and D; fig. 
S1, D and E; and movies S9 to S13). Strikingly, 
all proteins were highly mobile within the cil- 
iary membrane (fig. SIF and table S2), although 
fluorescence recovery was still confined within 
the cilium (Fig. 1, C and D, and fig. S1, D and 
E). Note that constituent plasma membrane pro- 
teins (GPI*'? and VSV-G*"") were also excluded 
from the ciliary membrane (fig. S2). Therefore, 
the diffusion of membrane proteins between the 
ciliary and periciliary membrane, unlike the move- 
ment of IFT88 and cytoplasmic GFP (/8), is 
impeded at the base of the cilium by a diffusion 
barrier. 

To identify molecular components of this 
ciliary membrane diffusion barrier, we focused 
on septins. Septins are oligomeric guanosine 
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Fig. 4. (A and B) FRAP of the whole cilium of 
parental IMCD3 (Parental) and shRNA1 IMCD3 
cells transiently expressing Htr6*’ or Smo’ and 
treated with 100 nM SAG for 24 hours. Scale bars, 
5 um. (B) Kinetics of average (tSEM) fluorescence 
recovery of photobleached proteins (n = 9 to 12). 
(C) Summary of percentage of fluorescence re- 
covery of photobleached ciliary membrane proteins 
in parental and shRNA1 cells (**P < 0.002; ***P < 
0.0005). (D) Summary of barrier index in parental 
and shRNA1 cells (n = 31 to 59; ***P < 0.0001). 
(E) Gli (left) and Ptc1 (right) mRNA induction in 
parental and shRNA1 cells after 100 nM SAG or 
Shh treatment for 24 hours (average of three in- 
dependent experiments +SD; **P = 0.005; ***P < 
0.0007). (F) Whole-cell lysates of parental and 
shRNA1 cells immunoblotted for Smo, SEPT2, 
and GAPDH; normalized Smo levels in parental 
and shRNA1 cells (right). 


triphosphatases (GTPases) that form a diffu- 
sion barrier at the mother-bud neck of budding 
yeast (J0, 19, 20) and localize at the annulus 
that may form a diffusion barrier between the 
middle and principal piece of the mammalian 
sperm flagellum (2/, 22). Septin 2 (SEPT2) (23) 
localized to the base of the cilium at the bound- 
ary between the ciliary and periciliary mem- 
brane in IMCD3 cells (Fig. 2A and fig. S3A) 
and in MEFs stably expressing Smo*!? (Fig. 
2A). In some optical sections SEPT2 staining 
appeared as a ringlike structure of ~500 nm di- 
ameter (Fig. 2A), reminiscent of structures formed 
by recombinant septins in vitro (24), and as two 
fused dots (Fig. 2A and movies S14 and S15), 
similar to septin staining at the sperm annulus 
(21). In ~10% of cells, punctate SEPT2 also lo- 
calized along and at the tip of the axoneme 
(fig. S3B). 

SEPT2 localization at the base of the axo- 
neme is similar to basal body distal appendage 
proteins. SEPT2, however, clearly localized be- 
tween the ciliary axoneme [marked by acetylated 
a-tubulin (“°Tub)] and structures marked by 
the distal appendage protein CEP164 (25), the 
subdistal/distal appendage protein outer dense 
fiber 2 (Odf2) (26), and the pericentriolar pro- 
tein pericentrin (PeriCT) (27) (Fig. 2B and fig. 
83, C to E). SEPT2, but not the ciliary axoneme 
or these basal body proteins, was solubilized in 
buffer containing 0.5% TritonX-100 (fig. S3F), 
indicating that SEPT2, like other septins (28, 29), 
is associated with membrane. In addition, SEPT2 
did not localize to the centrosome in nonciliated 
cells (Fig. 2, C and D), further indicating that it 
is not a constituent centrosomal protein. 
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To investigate whether SEPT2 is required for 
cilium formation and ciliary membrane barrier 
function, we used transient transfection with 
small interfering RNA (siRNA) oligonucleotides 
to deplete ~69% SEPT2 from serum-starved 
IMCD3 cells (Fig. 3, A and B). In general, cells 
that were completely depleted of SEPT2 lacked 
a cilium (Fig. 3C and fig. S4, A and B), whereas 
cells that were partially depleted (~54.3% deple- 
tion at the base of primary cilia) had a cilium that 
was significantly shorter (3.46 + 0.20 um) than 
controls (4.78 + 0.31 um). We also established 
stable IMCD3 cell lines depleted of SEPT2 using 
three different short hairpin RNAs (shRNAs), which 
reduced SEPT2 levels by 80 to 90% (Fig. 3, D 
and E) and resulted in a more complete defect in 
ciliogenesis across the cell population (Fig. 3E 
and fig. S4, C and D). 

To investigate whether SEPT2 is part of a dif- 
fusion barrier at the base of the ciliary membrane, 
we measured ciliary membrane protein mobility 
in the 10 to 15% of the stable SEPT2-depleted 
IMCD3 cells (shRNA1) that had a short ciltum 
but did not have significant SEPT2 staining near 
the basal body (fig. S4C). We detected a signif- 
icant increase in the diffusional mobility of four 
ciliary membrane proteins when the whole cil- 
ium was photobleached in SEPT2-depleted cells, 
compared with controls (Fig. 4, A to C; fig. S5, 
A and B; table $3; and movies $16 to $23). Fur- 
thermore, the barrier index, defined as the ratio 
of mean fluorescence intensity of these proteins 
in the ciliary membrane to surrounding periciliary 
membrane, was reduced significantly in SEPT2- 
depleted cells compared with controls (Fig. 4D 
and fig. SSC). Thus, SEPT2 depletion removed 


the ciliary membrane diffusion barrier in cells that 
could still assemble a cilium. Because the cilium 
was shorter in these cells, and absent in most 
SEPT2-depleted cells, it is possible that loss of 
the diffusion barrier contributed to the overall 
defect in ciliogenesis. 

We investigated whether loss of the ciliary 
membrane diffusion barrier after SEPT2 deple- 
tion affected cilium-dependent receptor signal 
transduction. Shh signaling requires enrichment 
of Smo in the ciliary membrane, and signal trans- 
duction results in increased Gli] and Patched! 
(Ptcl) mRNA levels (14, 30). In SEPT2-depleted 
cells, Smo accumulation in cilia was reduced, al- 
though total cellular levels were unaffected (Fig. 
4, D and F, and fig. SSC). After induction with Shh 
or Smo agonist (SAG), Glil and Ptc] mRNA 
levels were reduced significantly in SEPT2-depleted 
cells compared with controls (Fig. 4E). Thus, the 
SEPT2 diffusion barrier is required for cilium- 
dependent Shh signal transduction. 

Here, we have identified a septin-containing 
diffusion barrier at the base of the ciliary mem- 
brane that is required to retain receptor-signaling 
pathways in the primary cilium. This diffusion 
barrier restricts the diffusion of ciliary membrane 
proteins between the ciliary and periciliary mem- 
brane but permits the diffusion of ciliary trans- 
port proteins (IFT88). This implies that newly 
synthesized ciliary membrane proteins are most 
likely inserted by IFT and Bardet-Biedl Syn- 
drome proteins into the ciliary membrane above 
the diffusion barrier (7). Thus, septins appear to 
have evolutionarily conserved roles from fungi 
to animals in the functional compartmentaliza- 
tion of membrane domains. 
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Integrative Modeling Defines 
the Nova Splicing-Regulatory Network 
and Its Combinatorial Controls 


Chaolin Zhang,* Maria A. Frias, Aldo Mele, Matteo Ruggiu, Taesun Eom, Christina B. Marney, 
Huidong Wang, Donny D. Licatalosi, John J. Fak, Robert B. Darnell* 


The control of RNA alternative splicing is critical for generating biological diversity. Despite 
emerging genome-wide technologies to study RNA complexity, reliable and comprehensive 
RNA-regulatory networks have not been defined. Here, we used Bayesian networks to 
probabilistically model diverse data sets and predict the target networks of specific regulators. 
We applied this strategy to identify ~700 alternative splicing events directly regulated by the 
neuron-specific factor Nova in the mouse brain, integrating RNA-binding data, splicing 
microarray data, Nova-binding motifs, and evolutionary signatures. The resulting integrative 
network revealed combinatorial regulation by Nova and the neuronal splicing factor Fox, 
interplay between phosphorylation and splicing, and potential links to neurologic disease. 
Thus, we have developed a general approach to understanding mammalian RNA regulation 


at the systems level. 


NA-binding proteins (RBPs) regulate 
R tcmss splicing (AS) and processing 

of RNA to generate biological complex- 
ity (). Inferring RNA target networks regulated 
by these splicing factors may provide general 
insights into the mechanisms of regulation and 
their role in disease (2-5). Several global ap- 
proaches have recently been applied toward this 
aim (2), including bioinformatic predictions 
driven by analysis of RBP motifs (6-8), profiling 
of RNA isoforms based on splicing microarrays 
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(9-11) or RNA-Seq (/2-/4), and biochemical 
footprints derived from high-throughput sequenc- 
ing of RNA isolated by crosslinking immuno- 
precipitation (HITS-CLIP) (9, 75). These methods 
have been applied to identify and genetically val- 
idate ~90 alternative exons regulated by Noval/2 
(9, 10), a family of neuron-specific splicing fac- 
tors. Nova regulates a biologically coherent set 
of transcripts encoding synaptic proteins (/0), 
and an RNA-regulatory map predicts that Nova- 
regulated splicing is position dependent, such 
that alternative exons are included when Nova 
binds to downstream introns and are excluded 
via binding within the exons or to upstream 
introns (9, /6). 

Each of these methods is limited in its signal- 
to-noise ratio and scope: RBP motifs generally 


have very low sequence specificity [e.g., YCAY 
for Nova, ~1 site per 64 nucleotides (nt)]; mi- 
croarray or RNA-Seq data are noisy at the exon 
level beyond a small set of top candidates and 
are correlative in nature; and biochemical protein- 
RNA interactions do not necessarily imply func- 
tional regulation. Consequently, only a small set 
of targets have been confidently identified for 
most splicing factors (4, 17). An alternative strat- 
egy is to integrate multiple sources of informa- 
tion, so that individually weak bits of evidence 
can be combined to generate confident predic- 
tions, as demonstrated in studies of protein- 
protein interactions (/8) and transcription factor 
networks (19). Here, we set out to develop such 
an integrative approach to probabilistically mod- 
el a diverse set of genomic, experimental, and 
evolutionary data, using Bayesian networks to 
define and understand the function of RNA 
networks. 

We studied the Nova splicing-regulatory net- 
work as an exemplar and compiled four types of 
data important for inferring direct Nova-RNA in- 
teractions coupled with defined Nova-dependent 
AS events: (1) 279,631 CLIP tag clusters, ranked 
by peak height, derived from 20 independent 
HITS-CLIP experiments (figs. S1 and S2, table 
S1, and datasets S1 and S2); (ii) 841,501 Nova- 
binding sites (YCAY clusters) bioinformatically 
predicted and scored from the clustering, ac- 
cessibility, and conservation of YCAY elements 
(fig. S3); (iit) four splicing-microarray data 
sets comparing wild-type and Nova knockout 
(KO) brains, which detected 1331 exons show- 
ing significant Nova-dependent splicing, in 
addition to many exons with moderate but po- 
tentially functional changes (fig. S4 and table 
S2); and (iv) evolutionary signatures of regu- 
lated splicing, including conservation of AS in 
humans or rats, and preservation of reading 
frame (20). Each individual data set suggested 
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a large number of informative but noisy candi- 
dates, arguing for the importance of rigorous data 
integration. 

To probabilistically weigh and combine these 
data sets, we designed a Bayesian network for 
each of seven types of AS events: cassette exons 
(an exon is included or skipped), tandem cas- 


sette exons, mutually exclusive exons (one of 
two exons is included), alternative 5’ and 3’ splice 
sites, and alternative poly(A) usage coupled with 
5’ or 3' splice site choices (table $5); each AS 
event represents an observation of the Bayes- 
ian network. Using cassette exons as an example, 
the network included 17 nodes (variables) con- 


nected by edges reflecting the causal relation- 
ships between variables (Fig. 1A and table S3). 
The strength of YCAY clusters determines Nova 
binding (a binary hidden variable) in upstream 
introns, exons, or downstream introns, which 
in turn determines the probability of observing 
binding footprints by HITS-CLIP. The combi- 
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Fig. 1. Integrative prediction of Nova targets using a Bayesian network. The 
Bayesian network (BN) for cassette exons is shown. (A) Design of the BN. The 
17 nodes (variables) model four types of data, including YCAY clusters and 
CLIP clusters in each cassette exon or flanking upstream (UI) and downstream 
introns (DI), splicing microarrays comparing wild-type (WT) and Nova KO 
brains, and evolutionary signatures. See table $3 for more details. (B to E) 
Estimated conditional probability distributions derived from the BN. (B) The 
probability of Nova binding to regions with varying YCAY cluster scores across 
all regions. (C) The cumulative probability of CLIP cluster scores across all 
regions with or without inferred Nova binding. (D) The probability of exons 
showing Nova-dependent inclusion (red), exclusion (blue), or no effect in com- 
parisons of WT versus Nova KO brain transcripts, given the indicated com- 
binatorial Nova binding patterns in exon (E), upstream (U) and downstream 
(D) introns. (E) The distribution of proportional splicing changes between WT 
and Nova KO brain RNA [AI (20)] measured by exon-junction arrays for exons 
with inferred Nova-dependent inclusion, exclusion, or without Nova regula- 
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tion. (F) A summary of reverse transcriptase—-polymerase chain reaction (RT- 
PCR) analysis for the 31 exons tested in WT versus NOVA2KO or Novai/2 
double KO (dKO) brains. Twenty-two exons have Nova-regulated inclusion or 
exclusion (P < 0.05; t test), and those without significant changes tested in 
this study are shown in red, blue, and gray, respectively; 9 previously valid- 
ated exons are similarly shown in light red and light blue, respectively. The 
correlation between prediction confidence and the magnitude of splicing 
change is indicated. For two representative BN-predicted exons (arrowheads 
in the scatter plot), gel images are shown with the two isoforms including or 
excluding the regulated exon indicated (right panel). (G) Comparison of 
Nova target prediction by different methods (BN, naive Bayes, and logistic 
regression) or using individual data sets (microarrays comparing embryonic 
day 18.5 WT versus Nova1/2 dKO brains, CLIP clusters, and YCAY clusters). 
Each curve represents the prediction sensitivity with varying stringency; the 
performance of random predictions is also shown. The dotted line indicates 
the top 363 predictions. 
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natorial action of Nova binding in one or more 
regions dictates the splicing outcome (another 
hidden variable), as reflected in microarray mea- 
surements and evolutionary signatures. With this 
predetermined network structure, the parameters 
of the model (conditional probability distribu- 
tions) were learned from a subset of training cas- 
sette exons, including 50 previously validated 
targets (20). 

Unlike “black box” predictions, the learned 
model parameters provide interpretable and 
novel insights into Nova splicing regulation 
(Fig. 1, B to E, and fig. S5). For example, the 
model confirmed and extended the previously 
defined RNA-regulatory map (9, /6), quanti- 
fying it and predicting the combinatorial action 
of Nova binding in multiple regions: Nova bind- 
ing in exons or upstream introns alone results 
in exon exclusion with a probability of ~0.6, 


A YCAY clusters 


which increases to >0.9 if Nova binds to both 
regions (Fig. 1D). 

We prospectively applied the model to 13,357 
annotated cassette exons (20). Each exon was 
assigned three probabilities that measure Nova- 
regulated exon inclusion, exclusion, and absence 
of direct regulation, respectively, from which a 
false-discovery rate (FDR) was estimated. After 
ensuring that the model was not overfit by 10- 
fold cross-validation (fig. S6), we predicted 363 
cassette exons as direct Nova targets, with a strin- 
gent FDR of <0.01, and more broadly, 588 Nova- 
regulated AS events (table SS) when applied to 
all types of AS events (fig. S7). 

We also searched novel exons with high 
sequence conservation and exons whose AS 
pattern was missed in our database (fig. S8 
and table S4) (20). This search conservatively 
identified 76 additional exons as Nova targets. 
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Hence, the final Nova target network included 
698 AS events from 358 genes, among which 
610 events (87%) represent novel predictions 
(table S5). 

To evaluate the quality of the network, we 
performed unbiased experimental validation. In- 
tersecting the Bayesian network-predicted exons 
with a collection of well-studied alternative exons 
(AEDB) (2/) yielded a manageable set of 31 non- 
redundant exons, whose confidence scores are 
distributed very uniformly (median rank: 288 of 
588; Fig. IF and table S6). Among these, nine 
are previously validated Nova targets, and 19 of 
the remaining 22 exons were validated by com- 
paring AS in wild-type and Nova KO brains (P < 
0.05, ¢ test, n = 6) (Fig. 1F and fig. S9). In 
addition, we validated 8 of 9 novel exons tested 
(fig. S10), yielding an overall validation rate of 
~90% (28 of 31 or 36 of 40). Combined with its 
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Fig. 2. Combinatorial regulation of Nova target exons. (A) Hierarchical 
clustering of 325 nonredundant Nova-regulated cassette exons using six 
regional YCAY cluster scores in exon, UI, and DI relative to alternative splice 
sites. The position of DI and UI or exonic YCAY clusters is predicted to dictate 
Nova-regulated alternative exon inclusion (red) or exclusion (blue). Seven 
clusters of exons with distinct Nova-binding patterns are shown. (B) Se- 
quence conservation scores across 20 mammalian species were extracted for 
30-nt exonic regions near 5’ or 3’ splice site of the regulated exon, or for 
200-nt intronic regions near all four possible splice sites, as indicated in the 


www.sciencemag.org SCIENCE VOL 329 23 JULY 2010 


cartoon. The average conservation profile is shown for each cluster in (A) 
(blue), using all cassette exons as a control (green). Error bars represent stan- 
dard errors. The flanking intronic region downstream of the cassette exon in 
cluster | is highlighted. (C) The enrichment of the Fox motif (UGCAUG) in 
exons with Nova-regulated inclusion (top) or exclusion (bottom), as compared 
to control cassette exons. Fox-binding sites predicted to dictate Fox-regulated 
exon inclusion (DI) or exclusion (UI or exon) are represented by red and blue 
bars, respectively. Statistical significance is derived from a x° test (*P < 0.05; 
**P < 0.01; ***P < 0.001). 
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high sensitivity in predicting 58 of 77 (75%) 
previously validated targets (39/50 = 78% for 
cassette exons), the accuracy of our network com- 
pares favorably with previous studies, which ob- 
tained substantially lower validation rates or more 
limited sets of candidates (9, 10, 22, 23). 

The Bayesian network analysis successfully 
integrated information from multiple types of 
data, predicting a substantial portion of targets 
missed by analysis of individual data sets or by 
other machine learning algorithms (20). For ex- 
ample, analysis of the 363 top target cassette 
exons predicted from microarrays, CLIP clus- 
ters, or YCAY clusters alone achieved 49 to 54% 
sensitivity and an estimated validation rate of 
54 to 61%, compared to 75 to 78% sensitivity 
and ~90% validation of the Bayesian network 
(Fig. 1G and fig. S11). Integration of microarray 
data, CLIP clusters, and YCAY clusters by naive 
Bayes or logistic regression produced mod- 
erate improvement, with 61% sensitivity and 
an estimated validation rate of 65 to 67% (Fig. 
1G and fig. S11, C and E). These observations 
underscore the effectiveness of our integrative 
strategy. 

The comprehensive list of Nova targets makes 
it possible to correlate the positions of Nova- 
binding sites with sequence conservation pro- 
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files (Fig. 2, A and B, and dataset S3). Although 
Nova-binding sites are generally conserved (2), 
unexpectedly, we identified additional conserved 
regions in regulated exons outside Nova-binding 
sites (Fig. 2, A and B), suggesting the presence 
of additional regulatory elements. To search for 
specific RBPs that might dictate coordinated com- 
binatorial regulation with Nova, we examined pu- 
tative splicing-regulatory elements derived from 
brain-specife AS exons (/2). The well-characterized 
Fox-binding element (UGCAUG) (24) was en- 
riched in both ends of downstream introns (1.7- 
fold, P = 0.002 for 5’ end; 2.1-fold, P = 4.7 x 
10 ° for 3’ end; + test) that border cassette exons 
showing Nova-dependent inclusion, and upstream 
introns near 3’ splice sites (2.3 fold, P= 1.8 x 
10>; 2 test) of cassette exons showing Nova- 
dependent exclusion (Fig. 2C and fig. S12). 
Furthermore, 106 of the 698 Nova target AS 
events were candidate Fox targets in the brain, 
with highly conserved UGCAUG elements (7), 
indicating that ~15% of Nova targets may be 
under Nova and Fox combinatorial control (5.5- 
fold enrichment, P < 10 *°, Fisher’s exact test). 
Because Fox-regulated splicing is defined by a 
position-dependent RNA-regulatory map sim- 
ilar to that for Nova (7, 25), these observations 
suggest that additive or synergistic actions of 
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Fig. 3. Experimental validation of Nova and Fox com- 
binatorial regulation. (A) Schematic representation of 
exon 8 (E8) to exon 10 (E10) of the Gabrg2 minigene 
(26). The CLIP tags, YCAY clusters, and UGCAUG elements 
are shown above the cartoon. Sequences flanking Nova 
(shaded in green) and Fox (shaded in red) binding 
sites are shown. Mutations used to disrupt the Nova 
and Fox binding sites are indicated above the se- 
quence. (B) After transfection of 293T cells with the 
Gabrg2 minigene in the presence of the indicated 
amounts (in ug) of control (Ctrl), Noval, or Fox2 expres- 
sion plasmids, cells were analyzed for the indicated 
proteins by immunoblot and for Gabrg2 E9 splicing by 
RT-PCR with primers flanking E9. RT-PCR yielded the 
larger E9 included and smaller E9 excluded isoforms, 


as indicated (middle panel), and the inclusion level was quantitated in the 
bar graph (right panel); error bars represent standard errors estimated from 
two biological replicates. (C) Two additional examples of exons under Nova1 
and Fox2 combinatorial regulation. For each panel, the AS region, CLIP tags, 
YCAY clusters, and UGCAUG elements are shown as in (A). The RT-PCR 
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Nova and Fox may be favored over antagonistic 
actions. 

To experimentally address the bioinformatic 
prediction of Nova and Fox combinatorial reg- 
ulation, we examined alternative splicing of sev- 
eral candidate exons (20). One of these, Gabrg2 
exon 9, is regulated by Nova through a strong 
YCAY cluster (score = 20) ~80 nt upstream of 
the 3’ splice site of intron 9 (Fig. 3A), as deter- 
mined by mutagenesis analysis (26). An inde- 
pendent mutation ~30 nt downstream of exon 9 
disrupted the basal level of exon 9 inclusion in- 
dependent of Nova expression (26). Further ex- 
amination revealed that this mutation fortuitously 
disrupted a very conserved Fox-binding element 
(Fig. 3A). To test if Nova and Fox exhibit com- 
binatorial regulation on this exon, we transfected 
increasing amounts of Noval and Fox2, alone 
or in combination, into human embryonic kidney 
293T cells, together with a minigene consisting 
of sequences between exon 8 and exon 10 (Fig. 
3B). Either protein alone induced a dosage- 
dependent inclusion of exon 9, confirming that 
this exon is regulated by Nova and Fox indi- 
vidually. Simultaneous expression of smaller 
amounts of both proteins markedly increased 
the inclusion level from <5% to 26%, indicating 
a synergistic effect of Nova and Fox in splicing 
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analysis is shown in the middle, with alternative isoforms indicated. The four 
lanes represent control cells, and cells transfected with Noval (0.5 tg), Fox2 
(0.5 ug), and both proteins (0.25 ug + 0.25 ug), respectively. The quanti- 
tated splicing changes (Al) are shown on the right, with averages and 
standard errors estimated from four replicates. 
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regulation. This synergistic regulation is direct, 
because mutations of their binding sites reduced 
exon 9 inclusion to basal levels even in the pres- 
ence of both proteins. These observations sug- 
gest a model in which the binding of Fox and 
Nova in cis is able to synergize, perhaps by in- 
ducing a looping of the intron and thus the 
tethering of exons 9 and 10. 

Altogether, we validated seven exons show- 
ing splicing regulation by both proteins, through 
synergistic (Gabrg2 and Mtap7d2), additive 
(Numb, Syne2, and Pbrm1), or antagonistic 
(Arhgef12 and Alcam) actions (Fig. 3, B and 
C, and fig. $13). In all seven cases, the splicing 
outcomes can be predicted from a combinatorial 
RNA-regulatory map derived by superposing 
the map for each individual protein (fig. S13), 
offering a means of understanding the spatial 
and temporal control of RNA complexity. 

Nova regulates AS of transcripts encoding 
synaptic proteins that themselves interact with 
each other (/0). The comprehensive network 
confirmed and extended this observation, using 
GO (Gene Ontology) term and KEGG (Kyoto 
Encyclopedia of Genes and Genomes) path- 
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Fig. 4. Nova target AS switches protein phospho- 
rylation. (A) Percentage of phosphoproteins for 
different sets of genes. (B) Percentage of experi- 
mentally determined phosphorylation sites per 
amino acid for different sets of exons. Different 
groups in (A) and (B) were compared by Fisher's 
exact test. (C) A model of Nova AS regulation to 
control protein phosphorylation patterns, a mech- 
anism to modulate downstream protein-protein 
interactions and synaptic functions. 


way analysis (tables S7 and S8). Nonetheless, 
it has been unclear exactly how Nova-regulated 
AS might affect such interactions. Analysis of 
protein annotations revealed that about half of 
Nova target transcripts encoded phosphopro- 
teins, a 1.7-fold enrichment compared to brain- 
expressing AS genes (P < 10 '?, Fisher’s exact 
test) (Fig. 4A) (20). Furthermore, Nova-regulated 
exons within these transcripts themselves en- 
coded experimentally determined phosphoryl- 
ation sites much more frequently compared with 
constitutive or overall alternative exons (>2.4- 
fold, P < 10 '*; Fisher’s exact test; Fig. 4B), 
or more strictly with nontarget brain-specific AS 
exons (1.7-fold, P < 0.0004; Fisher’s exact test; 
Fig. 4B) (2, 20). Similar observations were ob- 
tained with a more stringent subset of phos- 
phorylation sites experimentally determined in 
the brain and thus most relevant for Nova func- 
tion (20) (fig. S14). Moreover, Nova target 
genes included 25 kinases and 9 phosphatases, 
a 2.5-fold enrichment compared to all brain- 
expressing genes (P = 10 °, Fisher’s exact test). 
Thus, Nova directly affects the in vivo phos- 
phorylation patterns of brain proteins via AS 
regulation, a two-layered control to modulate 
downstream protein-protein interactions and 
physiological functions (Fig. 4C and table S6). 

Finally, the comprehensiveness of the net- 
work suggests new relationships to physiol- 
ogy and disease. A subset of newly predicted 
Nova-regulated exons are known to be func- 
tionally significant, and in some cases are es- 
sential for viability [e.g., the switch of Snap25 
exon 5a/5b (27); table S6]. Of the 358 Nova 
target genes, 88 are currently implicated in 
genetic diseases (1.5-fold enrichment compared 
to brain-expressing genes, P < 5 x 10 +, Fisher’s 
exact test; table S9) (20), including neurologic 
disorders such as mental retardation, epilepsy, 
and autism. Fox! (A2BP1/) itself is an autism 
susceptibility gene (28). Moreover, 8.5% genes 
predicted to be regulated by both Nova and 
Fox (on the same or different exons) are impli- 
cated in autism, compared to 3.3 to 3.4% for 
genes targeted by Nova or Fox alone (P < 0.02, 
x test) and 1.2% in all brain-expressing genes 
(P = 10’, Fisher’s exact test) (20). Thus, co- 
ordinated RNA regulation may be susceptible 
to disruptions in complex multigenic neurologic 
diseases. Although placing discrete exons and 
genes in the Nova (and Fox) target networks 
already points ways toward greater understand- 
ing of RNA regulation and disease mecha- 
nisms, the functions encoded by most AS exons 
remain to be characterized. 

Recent advances in machine learning with 
sequence motifs and other RNA features are 
beginning to derive general rules relevant to 
tissue-specific splicing regulation (8). These ef- 
forts are complemented and extended by the 
network analysis presented here, which sums 
multiple types of data to generate highly ac- 
curate and global predictions of specific RBP- 
target regulatory interactions. This strategy should 


REPORTS 


improve splicing code fidelity and provide a 
guide to prioritize further functional studies. 
Taken together, the integrative network analysis 
has the potential to fill gaps between the delin- 
eation of alternative RNA processing, its under- 
lying regulatory mechanisms, and its biological 
significance. 
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Dnmt3a-Dependent Nonpromoter DNA 
Methylation Facilitates Transcription 
of Neurogenic Genes 


Hao Wu,?* Volkan Coskun,’ Jifang Tao,” Wei Xie,? Weihong Ge,? 
Kazuaki Yoshikawa,‘ En Li,> Yi Zhang,° Yi Eve Sun*2* 


444 


DNA methylation at proximal promoters facilitates lineage restriction by silencing cell type—specific 
genes. However, euchromatic DNA methylation frequently occurs in regions outside promoters. The 
functions of such nonproximal promoter DNA methylation are unclear. Here we show that the de novo 
DNA methyltransferase Dnmt3a is expressed in postnatal neural stem cells (NSCs) and is required for 
neurogenesis. Genome-wide analysis of postnatal NSCs indicates that Dnmt3a occupies and methylates 
intergenic regions and gene bodies flanking proximal promoters of a large cohort of transcriptionally 
permissive genes, many of which encode regulators of neurogenesis. Surprisingly, Dnmt3a-dependent 
nonproximal promoter methylation promotes expression of these neurogenic genes by functionally 
antagonizing Polycomb repression. Thus, nonpromoter DNA methylation by Dnmt3a may be used 

for maintaining active chromatin states of genes critical for development. 


e novo DNA methyltransferases Dnmt3a 
D« Dnmt3b and maintenance methyl- 

transferase Dnmtl covalently modify 
mammalian genomes by cytosine methylation, 
an epigenetic mark that is essential for normal 
development and primarily occurs at CpG di- 
nucleotides (7). Most CpG-rich regions (CpG 
islands) overlap with proximal promoters, where 
DNA methylation is linked to gene silencing (2). 
However, unbiased genome-wide analyses have 
shown that DNA methylation is widespread across 
the euchromatic portion of mammalian genomes 
and predominantly takes place in regions outside 
proximal promoters, including intergenic regions 
and gene bodies (2, 3), where tissue-specific DNA 
methylation is frequently localized (4). Deletion of 
Dnmtl or treatment with Dnmt inhibitors in di- 
viding somatic cells can lead to global DNA hy- 
pomethylation, chromosomal instability, and 
compromised cell-cycle progression, thereby hind- 
ering functional analysis of DNA methylation in 
self-renewing tissue-specific stem cells. Unlike 
Dnmt1 or Dnmt3b (the deletion of which, in mice, 
leads to early embryonic lethality), Dnmt3a is not 
required for maintaining methylation at hetero- 
chromatic repeat regions, and Dnmt3a-null mice 
appear to be grossly normal at birth (5, 6). How- 
ever, mice lacking Dnmt3a do acquire develop- 
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mental defects postnatally and die prematurely 
(5), suggesting a specific role for Dnmt3a in reg- 
ulating euchromatic methylation and postnatal 
development. 

The function of DNA methylation in the post- 
natal brain is of particular interest, because brain- 
specific deletion of DNA methylation—related 
machineries results in postnatal neurodevelop- 
mental abnormalities and premature death in mice 
(7, 8). Multiple isoforms of Dnmt3a/3b are ex- 
pressed in mouse embryonic stem (ES) cells, but 
only the Dnmt3a full-length variant is expressed in 
diverse regions of the postnatal brain (7, 9), in- 
cluding subependymal/subventricular zones (SEZ/ 
SVZ) of the forebrain and the hippocampal den- 
tate gyrus (fig. S1), two neurogenic regions in 
which neural stem cells (NSCs) persist throughout 
life (20). In Dnmt3a-null mice, quantification of 
doublecortin (Dcx)-positive immature neurons 
demonstrated that postnatal neurogenesis at both 
neurogenic zones was impaired (Fig. 1, A and B, 
and fig. S2) (//). However, the decrease in the 
number of newborn neurons was unlikely to be 
caused by changes in proliferation and/or surviv- 
al of postnatal NSCs (fig. S3, A and B). To 
further evaluate the function of Dnmt3a in NSCs, 
we derived monolayer NSC cultures from wild- 
type (WT) and Drmt3a-null [knockout (KO)] mice. 
Though Dnmt3a was dispensable for maintaining 
NSCs in an undifferentiated and proliferating state 
(fig. S3, C to F), upon mitogen withdrawal, dif- 
ferentiating Dnmt3a-null cells produced more than 
10-fold fewer Tujl+/Map2+ neurons (Fig. 1, C 
and D) and more glial cells, as compared with 
WT cells (fig. S4). To exclude the possibility that 
impaired neurogenic potential of Dnmt3a-null 
NSCs resulted from secondary effects after long- 
term Dnmt3a-deletion, postnatal NSCs were iso- 
lated from mice homozygous for floxed alleles of 
Dnmt3a (Damt3a""*) (12) and were infected 
with control or Cre-expressing lentiviruses (fig. 
S5, A and B). Differentiation analyses indicated 
that acute Dnmt3a-deletion (5-day) also impaired 


neuronal differentiation (fig. SSC). Moreover, the 
neurogenesis deficit in Dnmt3a-null cultures was 
rescued by re-expressing physiological levels of 
WT Dnmit3a, but not catalytically inactive mutant 
Dnmt3a (Fig. 1D and fig. S6, A and B) (/3). 
Expression of other Dnmt proteins and global DNA 
methylation pattems remained largely unchanged 
in Damt3a-null and rescued NSCs (fig. S6, B to D). 
Thus, specific and cell-autonomous functions of 
Dnmt3a are required for neurogenesis from post- 
natal NSCs. 

To investigate the mechanism underlying 
Dnmt3a-dependent neurogenesis, we mapped 
genome-wide Dnmt3a occupancy in postnatal NSCs 
by chromatin immunoprecipitation (ChIP) (N’ Ab 
in fig. S1B) combined with whole-genome tiling 
microarrays (ChIP-chip). We identified 30,417 
Dnmt3a binding-sites with high-confidence (false 
discovery rate < 1%). Quantitative polymerase 
chain reaction (qPCR) analysis confirmed that all 
20 randomly selected loci showed significant 
enrichment for Dnmt3a (fig. S7A). Control ChIP- 
chip experiments in Damt3a-null NSCs did not 
yield specific enrichment (fig. S8A), confirming the 
specificity of Dnmt3a ChIP results. Most Dnmt3a 
binding sites were located in gene-rich euchromatic 
regions, as 80.7% of all binding sites were within 
gene bodies or 50-kb intergenic regions up- and 
downstream of annotated genes (fig. SA). Map- 
ping Dnmt3a binding sites to regions flanking 
transcription start sites (TSSs) revealed two catego- 
ries of Dnmt3a targets (Fig. 2A). The first group 
(n = 2449 targets) was characterized by the pres- 
ence of CpG islands, which generally harbor high 
levels of trimethylation of lysine 4 on histone H3 
(H3K4me3), a histone mark indicative of transcrip- 
tionally permissive chromatin states, within their 
proximal promoter regions (hereafter referred to as 
CpG-rich/H3K4me3-high targets) (Fig. 2A and 
fig. S8, A to C). On these targets, Dnmt3a was 
generally excluded from H3K4me3-high, CpG- 
rich proximal promoters, but was enriched in inter- 
and intragenic regions flanking CpG islands 
(black in Fig. 2B), possibly because of the inhibi- 
tory effect of H3K4 methylation on Dnmt3a 
binding to chromatin (/4). The other group of 
Dnmt3a targets (n = 1096) was associated with 
CpG-poor promoters and low levels of H3K4me3 
(Fig. 2A and fig. S8, A to C). Dnmt3a binding 
sites on these H3K4me3-low targets frequently 
overlapped with proximal promoters (orange in 
Fig. 2B). Subsequent genome-wide methylated 
DNA immunoprecipitation assays (MeDIP-chip) 
revealed that Dnmt3a-dependent DNA methyl- 
ation was restricted to Dnmt3a binding sites (Fig. 
2C and fig. S9B). Locus-specific methylation as- 
says (MeDIP-qPCR, bisulphite sequencing, or 
mass spectrometry) further demonstrated that, on 
H3K4me3-high targets (for instance, Dix2, Gbx2), 
Dnmt3a-dependent DNA methylation was present 
in regions encompassing proximal promoters, but 
not within core promoter regions (Fig. 2, C and 
D, and figs. S7; S10, A and B; and S11, B and C). 
In contrast, Dnmt3a-mediated methylation was 
enriched at proximal promoters of H3K4me3-low 
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Fig. 1. Essential roles of Dnmt3a in postnatal neurogenesis. (A) Cell nuclei staining of olfactory bulb (OB) 
in WT and KO mice at postnatal day (P) 24. The schematic on the right outlines the postnatal neurogenesis 
from SEZ/SVZ NSCs, and the red boxes denote the portion of the rostral migratory stream (RMS) with 
newborn neurons entering the OB. Note that both the OB size and the number of newborn neurons in KO 
mice (red box) are reduced. Arrows indicate radially migrating immature neurons in the postnatal OB. Scale 
bars, 200 um. (B) Immunohistochemistry and quantification of Dcx+ neuroblasts in WT and KO RMS (P21 to 
P24). Hpf, high-power field; n, number of fields from three pairs of littermate mice. Error bars indicate SEM 
(*P < 0.01). Scale bars, 50 um. (C) Immunocytochemistry of the immature neuronal marker Tuj1 in 
differentiating WT and KO SEZ/SVZ cultures. Scale bars, 50 um. (D) Quantification of Tuj1+ neurons in 
differentiating WT, KO, and rescued NSC cultures. Error bars indicate SEM (*P < 0.01, n = 10 to 15). 


targets (e.g., Gfap) (Fig. 2, C and D, and fig. S7C). 
Although DNA methylation changes have been 
reported after long-term cell culture (/5), short- 
term in vitro culturing in our experiments did not 
significantly alter promoter DNA methylation lev- 
els, either globally or on Dnmt3a targets (fig. S10, 
B and C). Collectively, these data indicate that 
Dnmt3a may occupy and methylate defined 
genomic regions associated with both transcription- 
ally active and inactive genes in postnatal NSCs. 
To gain insights into the biological function of 
Dnmt3a targets, we performed gene ontology anal- 
ysis with Dnmt3a targets. Genes functionally re- 
lated to nervous system development (P = 1.5 x 
10 *°, hypergeometric test) and neurogenesis (P= 
6.5 x 10 '°) were significantly enriched within 
H3K4me3-high Dnmt3a targets, whereas genes 
involved in development of non-neuronal lineage 
were enriched in H3K4me3-low Dnmt3a targets 
(fig. SSD). H3K4me3-high targets were transcribed 
at medium-to-high levels in postnatal NSCs, signif= 


icantly higher than expression levels of H3K4me3- 
low targets, or genes marked by an inactive histone 
modification H3K27me3 or a group of sperm- 
specific genes with proximal promoter DNA meth- 
ylation (Fig. 2E). 

To establish a direct link between Dnmt3a 
binding and transcriptional regulation, we per- 
formed gene-expression profiling and identified a 
total of 2275 genes (1253 up-regulated and 1022 
down-regulated in Dnmt3a-null mice) that are 
differentially expressed between undifferentiated 
WT and KO NSCs. Dnmt3a binding sites were 
detected within 10-kb up- and downstream of the 
TSSs of 942 differentially expressed transcripts 
(41.4% of 2275 genes, P= 1.36 x 10 |”, Fisher’s 
exact test) (Fig. 3A), indicating that a significant 
fraction of Dnmt3a-dependent expression changes 
represent a direct effect of Dnmt3a binding. Al- 
though DNA methylation has been primarily as- 
sociated with repression, Dnmt3a targets were 
significantly enriched in both up- and down- 


regulated genes in KO NSCs (536 up-regulated, 
P=3.3 x 10 ’!; 406 down-regulated, P = 1.9 x 
10°). Notably, genes with known roles in 
postnatal neurogenesis (for example, Dix2, Sp8, 
and Neurog2) were among the down-regulated 
Dnmt3a targets in KO NSCs (fig. S11A) (6, 17). 
In contrast, several Dnmt3a targets involved in 
astroglial and oligodendroglial differentiation (e.g., 
Sparcll, Nkx2-2) were up-regulated in KO cul- 
tures. Gene-expression analyses with differentiating 
NSCs also supported the conclusion that Dnmt3a 
promotes transcription of neurogenic targets while 
repressing glial differentiation genes (table S1 and 
supporting online material text). Further in vivo 
analysis revealed fewer DIx2+ and Sp8+ progen- 
itors/neuroblasts and their subtype-specific inter- 
neuron progenies in KO mice (fig. S12, A to E), 
and re-expression of D/x2 in KO cells substantial- 
ly rescued the neurogenesis defect (fig. S12F). 
Taken together, these results indicate that Dnmt3a 
is not only involved in transcriptional repression 
but also required by postnatal NSCs to promote 
expression of many direct targets, including key 
neurogenic factors, thereby contributing to post- 
natal neurogenesis. 

The percentage of H3K4me3-high promoters 
in down-regulated targets (65.4% of 406 genes) 
was significantly higher than that expected by 
chance (P=7.7 x 10 8), and DNA demethylation 
was predominantly detected outside proximal 
promoters of these down-regulated targets in KO 
NSCs (Fig. 3A and fig. S11, B and C). In con- 
trast, DNA demethylation on up-regulated targets 
in KO NSCs (ted in Fig. 3B) was more enriched at 
proximal promoters compared with down-regulated 
targets (green compared with red in Fig. 3B; P = 
0.0018) or targets without expression changes (blue 
in Fig. 3B; P = 6.8 = 10°). Although proximal 
promoter DNA methylation may repress transcrip- 
tion by antagonizing active histone marks (Fig. 3A) 
(15, 18, 19), growing evidence suggests that non- 
promoter DNA methylation positively correlates 
with transcription of tissue-specific genes or genes 
on the active X chromosome (2, 20). DNA meth- 
ylation also inversely correlates with the presence 
of H3K27me3 in human cancer cell lines or on 
the transcriptional regulatory region for the im- 
printing locus Rasgrfl (21, 22). Therefore, we 
hypothesized that Dnmt3a-dependent nonpro- 
moter DNA methylation may facilitate transcrip- 
tion by antagonizing H3K27me3. To test this idea, 
we examined genome-wide H3K27me3 occupan- 
cy in WT and KO NSCs. Our analysis revealed that 
Dnmt3a-deficiency resulted in an increase in 
H3K27me3 levels across large genomic regions 
associated with many down-regulated targets 
(green in Fig. 3B and fig. S11, B and C), whereas 
the increase in H3K27me3 levels in KO NSCs was 
observed less often on up-regulated targets (red 
in Fig. 3B; P = 1.8 x 10 *°) or targets without 
changes in expression (blue in Fig. 3B; P= 1.6 x 
10 8). Acute ablation of Dnmt3a also led to a 
significant increase in H3K27me3 levels on down- 
regulated targets, suggesting that the antagonism 
between Dnmt3a and H3K27me3 is unlikely due to 
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Fig. 2. Dnmt3a occupies 
and methylates defined re- 
gions at both transcription- 
ally active and inactive 
genes. (A) Heat map rep- 
resentations of CpG islands 
(blue/white) and Dnmt3a 
(red/green) are shown for 
both Dnmt3a targets and 
nontargets. Red/blue rep- 
resents enrichment, where- 
as green/white represents 
no enrichment. Genes were 
rank-ordered by CpG-island 
length within 4-kb regions 
flanking TSSs. FDR, false 
discovery rate; n, number 
of genes. (B) Distribution 
of Dnmt3a_binding-sites 
within regions flanking TSSs 
of H3K4me3-high/CpG-rich 
and H3K4me3-low/CpG- 
poor targets. (C) Distribu- 
tion of Dnmt3a-dependent 
DNA methylation within re- —{ 
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nonspecific compensation after long-term Dnmt3a 
deletion (fig. SSD). Thus, Dnmt3a-dependent non- 
promoter DNA methylation may facilitate the 
expression of many H3K4me3-high targets by 
reducing H3K27me3 levels. 

Because Dnmt3a deficiency did not change the 
overall levels of H3K27me3 or Polycomb repres- 
sion complex 2 (PRC2) that catalyzes trimethylation 
of H3K27 (fig. S13, A and B), we considered a 
model in which Dnmt3a functioned to antagonize 
PRC2 binding to chromatin. ChIP-chip analysis of 
Suzl2 and Ezh2, two core subunits of PRC2, 
revealed that Dnmt3a deficiency led to a signifi- 
cant increase in Suzl2 occupancy on Dnmt3a 
targets with a marked increase in H3K27me3 in 
KO NSCs (P < 2.2 x 10 '°); similar results were 
obtained for Ezh2 (Fig. 4A and fig. S11, D and E). 
The increase of PRC2/H3K27me3 levels on these 
Dnmt3a targets was specific, as other PRC2 targets 
that were not targeted by Dnmt3a (e.g., Hoxb9 in 
Fig. 4A) were associated with similar levels of 
PRC2/H3K27me3 in WT and KO NSCs. To 


evaluate whether Dnmt3a enzymatic activity is 
required for opposing PRC2 binding, we ana- 
lyzed Dnmt3a-null NSCs rescued with physio- 
logical levels of WT or catalytically inactive 
mutant Dnmt3a. In rescued KO NSCs, both WT 
and mutant Dnmt3a re-occupied Dnmt3a targets 
(fig. S14A), but only WT Dnmt3a restored DNA 
methylation levels (fig. S14, B and C). WT, but 
not mutant Dnmt3a, reversed aberrantly elevated 
levels of PRC2/H3K27me3 on down-regulated 
Dnmt3a targets in KO NSCs (Fig. 4B), indicating 
that Dnmt3a-dependent DNA methylation, but 
not Dnmt3a binding, is incompatible with PRC2 
occupancy and may directly antagonize the 
PRC2 binding. Therefore, we tested recruitment 
of PRC2 complexes to in vitro DNA-methylated 
chromatin arrays consisting of recombinant Xeno- 
pus octamers (23, 24), which are free of any other 
epigenetic marks existing on endogenous chroma- 
tin that may also regulate PRC2 recruitment (fig. 
S15). This analysis indicated that DNA methyla- 
tion alone partially inhibited PRC2 binding to 


chromatin arrays (Fig. 4C). Furthermore, PRC2 
deficiency in Dnmt3a-null NSCs could substan- 
tially restore the expression of neurogenic targets 
and rescue neuronal differentiation defects (Fig. 
4D and fig. S13, C and D). Dnmt3a-dependent 
DNA methylation may, therefore, down-regulate 
H3K27me3 levels on transcriptionally active 
targets by antagonizing binding of PRC2 to 
chromatin. 

Together, these results suggest that the DNA 
methyltransferase Dnmt3a not only mediates re- 
pression in self-renewing postnatal NSCs by meth- 
ylating proximal promoters, but also promotes 
transcription of targets, including neurogenic genes, 
by antagonizing Polycomb repression through 
nonproximal promoter methylation (fig. S16). The 
positive correlation between nonpromoter DNA 
methylation and transcription on Dnmt3a targets 
is also observed during mouse ES cell differentia- 
tion into neural progenitors, as well as in vivo 
analysis of multiple adult tissues, suggesting that 
this finding may be generally applicable to other 
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Functional Modules and Structural 
Basis of Conformational Coupling 
in Mitochondrial Complex | 


Carola Hunte,”'?-3* Volker Zickermann,** Ulrich Brandt*t 


Proton-pumping respiratory complex | is one of the largest and most complicated membrane protein 
complexes. Its function is critical for efficient energy supply in aerobic cells, and malfunctions are 
implicated in many neurodegenerative disorders. Here, we report an x-ray crystallographic analysis of 
mitochondrial complex |. The positions of all iron-sulfur clusters relative to the membrane arm were 
determined in the complete enzyme complex. The ubiquinone reduction site resides close to 30 angstroms 
above the membrane domain. The arrangement of functional modules suggests conformational coupling 
of redox chemistry with proton pumping and essentially excludes direct mechanisms. We suggest that 
a ~60-angstrom-long helical transmission element is critical for transducing conformational energy 

to proton-pumping elements in the distal module of the membrane arm. 


itochondrial complex I [proton-pumping 

NADH (the reduced form of nicotin- 

amide adenine dinucleotide):ubiquinone 
oxidoreductase] is a macromolecular membrane 
complex of close to one million daltons with a 
central function in energy metabolism (/). It is the 
entry point for electrons from NADH into the 
respiratory chain, and it couples electron transfer to 
ubiquinone with vectorial proton pumping across 
the inner mitochondrial membrane. With a stoichi- 
ometry of four protons to two electrons (4H"/2e ), 
it contributes about 40% of the proton motive force 
that drives adenosine 5’-triphosphate (ATP) syn- 
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thesis by ATP synthase (2, 3). Complex Tis a source 
for deleterious reactive oxygen species (ROS) (4, 5) 
and has been implicated in the pathogenesis of a 
variety of neurodegenerative diseases such as 
Parkinson’s disease, Alzheimer’s disease, and 
Leigh syndrome (6, 7). Moreover, ROS generation 
by complex I may contribute to aging processes (8). 

Despite the important physiological role of 
complex I, its molecular mechanism of energy 
conversion is essentially unknown. Progress in un- 
derstanding complex I function has been severely 
limited by the lack of detailed structural in- 
formation. Electron microscopy (EM) shows an 
L-shaped overall architecture with a membrane 
arm and a hydrophilic peripheral arm that protrudes 
into the mitochondrial matrix (9, /0) (Fig. 1A). The 
x-ray structure of the peripheral arm from a 
bacterial complex I was determined (//, /2). 

The peripheral arm consists of two functional 
modules (/) and comprises all redox active co- 
factors (1/). The N module contains the NADH 
oxidation site with one flavin mononucleotide 
(FMN) molecule as the primary electron accep- 
tor, whereas the Q module contains the ubiqui- 
none reduction site (Fig. 1A). Fast electron transfer 
between the two catalytic sites (/3) is mediated by 


a chain of seven iron-sulfur clusters. An additional 
iron-sulfur cluster localized near the FMN cofactor 
may serve a special function in protection against 
ROS formation (/3—/5). The membrane arm or P 
module harbors the proton-pumping machinery 
(/6), presumably involving the three subunits— 
ND2, ND4, and ND5—that are homologous to 
sodium-proton antiporters (/7). 

Complex I is substituted by alternative enzymes 
in the widely used model organism Saccharomy- 
ces cerevisiae. Therefore, we have established 
the aerobic yeast Yarrowia lipolytica as a genetic 
model system to study eukaryotic complex I (8). 
In the complex from this source, 40 different 
subunits were identified with a total mass of 
946.5 kD (/9, 20). Fourteen central subunits are 
highly conserved among eukaryotes and prokary- 
otes (/). They form the structural core of the two 
arms of the complex and are essential for its bio- 
energetic functions. Twenty-six accessory subunits 
that are not found in prokaryotes are arranged 
around this core and presumably function in 
assembly, stabilization, regulation, and additional 
metabolic pathways that are not directly linked to 
energy conservation. 

Here we report the x-ray crystallographic 
analysis of complete Y. lipolytica complex I (2/). 
Phase information was obtained with anomalous 
data of a heavy atom cluster derivative and with 
native data (table S1). The molecule is L-shaped, 
with an angle between the two arms of about 100° 
(Fig. 1B). The membrane arm has a length of 
~180 A, and the distance between the tip of the 
peripheral arm and the bottom of the membrane 
arm is ~190 A. Ata resolution of 6.3 A, many sec- 
ondary structure elements and especially o-helical 
transmembrane segments were clearly recognized 
in the electron density. 

The positions of all eight iron-sulfur cofactors 
were localized in the peripheral arm by anoma- 
lous Fourier analysis (Fig. 1B and table S1). The 
distances between the iron-sulfur clusters are 
similar to those reported for the hydrophilic frag- 
ment of bacterial complex I (/5). Seven of these 
clusters constitute a continuous electron wire be- 
tween the catalytic sites. Manual superimposition 
with the partial bacterial structure based on the 
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Fig. 1. Overall shape 
and iron-sulfur cluster 
positions. (A) Schematic 
depiction of overall or- 
ganization and function 
of mitochondrial com- 
plex |. FMN and a chain 
of iron-sulfur clusters (or- 
ange spheres) in the pe- 
ripheral arm connect the 
NADH oxidation site with 
the ubiquinone (Q) re- 
duction site. The redox 
reaction is linked to the Q 
translocation of four pro- 

tons across the inner mito- 


chondrial membrane. (B) \ Membrane Arm 


Well-defined electron 
density corresponding to 


one molecule of L-shaped complex | shown in side view with the membrane arm 
displayed horizontally. The anomalous Fourier map contoured at 4.5 o, indicating 
the positions of eight iron-sulfur clusters of the peripheral arm, is displayed in 
yellow and shown enlarged and slightly turned for better visualization of all 


Fig. 2. Transmembrane 
segments and interface 
of the membrane arm 
and the peripheral arm. 
(A) Top view from matrix 
side and side view of the 
a-helical model of the 
transmembrane segments 
(upper and lower panel, 
respectively) fitted with 
helices arranged in a prox- 


NADH 


NADt + Ht 


4Ht 


Intermembrane 
Space 


imal (green) and a distal 
(cyan) domain. The border 
of the docking area with 
the peripheral arm is indi- 
cated by a dashed line 
(top). The three iron-sulfur 
clusters of the Q module 
are shown in space-filled 
representation. An ex- 
tended helical element 


(magenta) may be critical for energy transmission within the membrane arm. 
(B) Side view of electron density with transmembrane segments including their 
helical model and the superimposed structure of the bacterial peripheral arm 
fragment (3IAM). Yellow, 49-kD subunit; pink, PSST subunit; red, TYKY subunit; 


well-defined positions of the iron-sulfur clusters 
and prominent secondary structure elements re- 
vealed that two parts of the peripheral arm form 
rigid bodies corresponding to the Q and N 
modules. Compared with the bacterial fragment, 
the Q and N modules are opened 3° wider and 
turned slightly, relative to each other. This reorien- 
tation does not affect the distances for electron 
transfer between the two parts of complex I. 

For the P module, prediction algorithms and 
mapping experiments suggest the presence of 17 
membrane-integral subunits with more than 70 
transmembrane segments (/6). We modeled 71 
a-helical transmembrane segments of different 
lengths, tilts, and curvatures into continuous elon- 
gated electron density features (Fig. 2A). At least 


two of the latter appear interrupted in the middle 
of the membrane core, which is suggestive of dis- 
continuous helices that are a hallmark of sodium- 
proton antiporters and other ion-translocating 
proteins (22). This finding is reminiscent of the 
homology of subunits ND2, ND4, and NDS to 
subunits of bacterial sodium-proton antiporters 
(17). Overall, the side view of the transmembrane 
segments (Fig. 2A, bottom) reveals a curved shape, 
with the concave side facing the mitochondrial 
matrix. This appearance of the membrane arm 
was also observed for bacterial complex I by EM 
(0, 23). The extrinsic protein portion on the matrix 
side largely consists of the peripheral arm and a 
protrusion at the distal end (Fig. 1B). In contrast, the 
intermembrane side is characterized by a prominent 


clusters in the insert. Center-to-center distances are given in angstroms. Solid 
white lines indicate that these distances are short enough for physiological 
electron transfer; otherwise, dashed lines are used. The anomalous map is 
overlayed with cluster positions from the bacterial partial structure. 


green, anomalous Fourier map indicating positions of iron-sulfur clusters. The 
vertical distance from iron-sulfur cluster N2, which is the immediate electron 
donor to ubiquinone, to the membrane surface is ~30 A. The conserved tyrosine 
(Y144) implicated in binding the ubiquinone head group is shown in light purple. 


layer of electron density that is spread over the en- 
tire membrane arm. The layer includes well-defined 
elongated density features that probably represent 
long surface helices extending parallel to the long 
axis of the membrane arm. The membrane arm 
shows two entities of about equal size dividing 
the P module into a proximal and distal domain 
(Fig. 2A). They are connected by a narrow, central- 
ly located interface occupying only about half of 
the width of the membrane arm. The analysis of 
defined subcomplexes had already suggested a 
modular architecture of the membrane (24), and 
the proposed proton-translocating subunits ND4 
and NDS can be assigned to the distal P domain. 

The driving force for proton translocation 
must be generated in the peripheral arm from the 
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Fig. 3. Transmission 
element connecting the 
P domains, a putative 
central component of 
the proton-pumping ma- 
chinery. The transmis- 
sion element, seen as 
elongated density fea- 
ture close to the matrix- 
exposed surface, is fitted 
with a helical structure 
(magenta). Connecting 
the proximal with the 
distal P domain, this 
helix may drive proton 
pumping by conferring 
conformational coupling. 
The helical model of the 


transmembrane segments is shown in blue. (A) View in parallel to the 
transmission element from the distal P domain along the long axis of the 
membrane arm. (B) Partial side view of the distal P domain shows electron 


Fig. 4. Schematic model 
of the four functional 
modules of complex I. A 
chain of seven iron-sulfur 
clusters (orange spheres) 
leads from the N module 
(light yellow) with FMN 
as the primary electron 
acceptor to the ubiqui- 
none reduction site in 
the Q module (yellow) 
involving cluster N2 and 
tyrosine-144. The posi- 
tion of N2 is close to 30 A 
above the membrane 
surface. With the ubiqui- 
none headgroup (space- 
fill representation) in 


Intermembrane 
Space 


functional distance to the electron donor at the end of the extended binding cavity (light gray), the 
hydrophobic isoprenoid side chain will be about half-way out of the core membrane region. This suggests 
the presence of a hydrophobic access path and excludes direct coupling between redox chemistry in the N 
and Q modules and vectorial proton translocation by subunits of the proximal (Pp, green) and distal (Pp, 
cyan) domains of the P module. An extended transmission element (magenta) forms a bridge across the 


two domains. 


energy released during electron transfer from 
NADH to ubiquinone. Several lines of evidence 
suggest that it is the redox chemistry of ubiqui- 
none that triggers the proton-pumping machinery 
(16, 25, 26). Thus, the spatial arrangement of the 
Q and P modules, and the transmission of energy 
between them, is fundamental to redox-linked 
proton translocation by complex I. 

Critical residues for interaction with ubiquinone 
and inhibitors are found at the interface of the 
highly conserved 49-kD and PSST subunits (for 
complex I subunits, the nomenclature of the bovine 
heart enzyme is used) of the Q module (27-29) 
(fig. S1 and table S1) that are homologous to the 
large and small subunit of [NiFe] hydrogenase 
and form the ubiquinone-reducing catalytic core 
of complex I (/). The three iron-sulfur clusters of 
the Q module provide a precise anchoring point 
for the superimposition of the bacterial partial 
structure with respect to the membrane arm. The 


49-kD subunit contains a characteristic four-helix 
bundle that is seen in the experimental electron 
density map (Fig. 2B). The three iron-sulfur 
clusters of the Q module line up at an angle of 
130 to 140° with respect to the membrane arm 
(Fig. 1B). In the top view, the vertical projection of 
this array is centrally oriented in parallel to the 
long axis of the membrane arm. The 49-kD and 
PSST subunits dock on the proximal end of the 
membrane arm (Fig. 2A, top). The main part of 
the docking site is covered by the 49-kD subunit 
with its conserved N-terminal B sheet that is 
oriented toward but outside of the membrane 
arm surface. A smaller part is composed of parts of 
the PSST subunit. In the membrane arm, the 
docking site is bordered by four long, straight, and 
densely arranged electron density features, indicat- 
ing a row of four hardly tilted transmembrane 
helices (Fig. 2A). The contact site has a more open 
appearance toward subunit PSST, and we suggest 


density features that reside near the end of the transmission element and 
resemble discontinuous helix arrangements (light blue) that are a hallmark of 
ion-translocating proteins. 


that this area provides access for ubiquinone from 
the phospholipid bilayer. 

The last iron-sulfur cluster in the chain, called 
N2, is the immediate electron donor for ubiquinone. 
A funnel-like cavity leading from the N-terminal B 
sheet of the 49-kD subunit toward tyrosine-144, 
(tyrosine-87 in Thermus thermophilus), which is in 
the immediate vicinity of cluster N2, has been 
mapped by site-directed mutagenesis (27, 28). It 
has been shown by detailed structure/function 
analysis that ubiquinone binds directly to this fully 
conserved tyrosine (29). Measured perpendicular 
to the membrane plane, cluster N2 resides ~30 A 
above the surface of the transmembrane core 
(Fig. 2B). The distance from the opening of the 
ubiquinone-binding pocket at the surface of the 
membrane arm to the electron donor site is ~35 A. 
Considering that the binding site for ubiquinone 
must be at a distance allowing electron transfer of 
cluster N2, the substrate must diffuse ~25 A out 
from the hydrophobic core of the membrane to 
position the functional head group in the active 
site. This distance accounts for much of the ex- 
tremely hydrophobic 40-A-long side chain of 
nine isoprenoid units in ubiquinone that may slide 
over a hydrophobic ramp as previously proposed 
(30, 31). 

This arrangement of the peripheral arm has 
far-reaching implications for the catalytic mecha- 
nism of complex I and is similar to one of the 
possible orientations (fit 2) determined in a pre- 
vious study by using single-particle EM (3/7) but 
differs from that suggested by Sazanov and co- 
workers (//, 23). The position of the ubiquinone 
reduction site separate from the transmembrane 
domain of complex I seems to rule out any mech- 
anism that would use redox-linked proton uptake 
and release directly for vectorial proton trans- 
location. Rather, the energy released in the redox 
reactions is transmitted to the proton-pumping ma- 
chinery via long-range conformational changes 
(/, 16, 32). Considering that subunits ND4 and 
NDS at the distal end of the membrane arm are 
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among the prime candidates to harbor proton- 
translocation sites, distances for energy-transfer 
reactions of more than 100 A have to be en- 
visaged. A continuous electron density most likely 
corresponding to an o helix is laterally associated 
with the membrane arm embedded in the trans- 
membrane segments near the matrix-facing surface 
(Fig. 3). With a length of 60 A oriented in parallel to 
the long axis of the membrane arm, it extends from 
the end of the proximal domain about half-way into 
the distal domain (Fig. 2A). At the proximal end, it 
is connected by continuous electron density to 
one of the transmembrane segments in a nearly or- 
thogonal orientation. Strikingly, on the Pp domain 
side, it terminates close to electron density features 
resembling a discontinuous helix arrangement, 
suggesting the presence of a proton-translocation 
unit (Fig. 3B) (22). We propose that this observed 
connection between the P domains is a critical 
transmission element within the proton-pumping 
machinery of complex I. 

The modular architecture of complex I as re- 
vealed by crystallographic analysis of the complete 
mitochondrial enzyme is summarized in Fig. 4. Ina 
bipartite functional organization, conformational 
energy is generated by the redox chemistry occur- 
ring in the N and Q modules of the peripheral arm 
and is transmitted to the two proton-pumping 
modules of the membrane arm, which are con- 
nected by a helical transmission element. 
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An Electronic Bus Bar Lies in the 
Core of Cytochrome be, 
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The ubiquinol—cytochrome c oxidoreductases, central to cellular respiration and photosynthesis, are 
homodimers. High symmetry has frustrated resolution of whether cross-dimer interactions are 
functionally important. This has resulted in a proliferation of contradictory models. Here, we duplicated 
and fused cytochrome b subunits, and then broke symmetry by introducing independent mutations into 
each monomer. Electrons moved freely within and between monomers, crossing an electron-transfer 
bridge between two hemes in the core of the dimer. This revealed an H-shaped electron-transfer system 
that distributes electrons between four quinone oxidation-reduction terminals at the corners of the 
dimer within the millisecond time scale of enzymatic turnover. Free and unregulated distribution of 
electrons acts like a molecular-scale bus bar, a design often exploited in electronics. 


igure 1 shows a bacterial ubiquinol— 
cytochrome c oxidoreductase (/), often 
called cytochrome bc), displaying homodi- 
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meric core subunit structure typical of respiratory 
and photosynthetic electron transfer systems (2, 3). 
It is well established that adjacent cofactors in 
each monomer serve to separate electronic charge 
across the membrane in the catalytically relevant 
microsecond-to-millisecond electron transfer pro- 
cess (4, 5). However, high structural, spectroscopic, 
and electrochemical symmetry between the mono- 
mers of the dimer has confounded efforts to 
determine whether a functional electron-transfer 


connection exists between monomers. At the dis- 
tances displayed in Fig. 1, calculations show that 
electron-tunneling times between cofactors in dif 
ferent monomers are much slower than the physi- 
ologically relevant time scale, except for tunneling 
between the two by hemes. Electron tunneling 
across the 13.9 A separating these two hemes is 
calculated to be in the 0.025- to 0.25-ms range (5), 
slightly faster than the measured 0.5- to 5.0-ms 
physiological turnover time. However, electron- 
tunneling theory itself (6, 7) provides only an up- 
per limit for the rate of electron transfer between 
redox cofactors. Many electron transfers in oxido- 
reductases are limited not by electron tunneling but 
by slower coupled events of chemistry, con- 
formational change, or motion (8, 9). Indeed, 
many models have been proposed for ubiquinol— 
cytochrome c oxidoreductases that include just 
such regulation of electron transfer within or be- 
tween monomers (/0—/5) or even strict electronic 
isolation of monomers (/6). Given the inherent 
tunneling speed, a relatively small amount of 
coupling of this electron tunneling to chemical or 
conformational events could effectively regulate 
interaction between monomers or even isolate 
them (/0-16). 

To resolve the underlying dimer engineering, 
we broke the symmetry of the cytochrome bc; 
homodimer from Rhodobacter capsulatus shown 
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Fig. 1. Cofactors and dis- 
tances in homodimer of 
cytochrome bc, [Protein 
Data Bank ID: 1ZRT (2)]. 
Each monomer comprises 
cytochrome b (yellow), cy- 
tochrome c, (magenta), 
and FeS subunit (green). 
Functional distances (blue 
lines) and nonfunctional 
distances (red dashed lines) 
between cofactors (black) 
are in angstroms. Q, site 
quinone is approximated 
from the crystallographic 
position of stigmatellin (2), 
and Q; site quinone posi- 
tion is adopted from (28). 
FeS head domain move- 
ment (29) is indicated by 
the dashed arrow. 


Fig. 2. Symmetric and 
asymmetric knockout pat- 
terns. Distribution of the 
knockouts (red crosses) con- 
structed with unfused na- 
tive operon coding (A) and 
fused gene coding (B). BB, 
native dimer: “BB™, both 
upper branches removed; 
wBBy, both lower branches 
removed; y‘BB wy, all four 
branches removed. B-B, 
fused protein: “B-B, one up- 
per branch removed; wB-B, 
one lower branch removed; 
w'B-B, two branches on 
the same side removed; 
wB-B™, two branches across 
removed. N and W refer to 
H212N and G158W point 
mutations in cytochrome b 
G, Gly; H, His; N, Asn; W, 
Trp). Black arrows, func- 
tional branches. Black dou- 
ble arrow, electron entry 
point at the Q, site. Brown 
overlay: intraprotein elec- 
tronic bus bar. 


NBBN 


NB-B 
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in Fig. 1. We genetically fused two identical mono- 
meric cytochrome b subunits, analogous to the 
successful fusion of two membrane-anchored cyto- 
chromes c in R. capsulatus (17). The cytochrome b 
subunits accommodate the core cofactors in the 
electron-transfer chain and the putative bridge 
between monomers (Figs. 1 and 2). The N and C 
termini of the eight-transmembrane-o-helical 
chain of the monomeric cytochrome b protrude at 
the cytoplasmic side of the membrane. We joined 
these termini by extending the gene encoding 
cytochrome b with the linker peptide sequence 
followed by the second copy of the same gene 
containing Strep-tag at its C terminus (figs. S2 
and S3) (78). The other two genes of the operon, 
encoding the subunits containing the FeS cluster 
and heme c;, were left unchanged. Wild-type and 
fused cytochrome bc, are designated BB and 
B-B, respectively. Electrophoresis verified that 
the subunits of B-B had the correct molecular 
mass (fig. S4), and ultraviolet (UV)-visible and 
electron paramagnetic resonance spectroscopy 
(EPR) demonstrated normal cofactor assembly 
(Fig. 3 and figs. S5 and S6). Measurements of 
electron transfer in B-B (see below) indicated that 
the fused protein remained functional. 

To uncover dimer-specific operation and test 
the putative H-shaped electron transfer system, 
we need only two asymmetrically positioned 
point mutations in B-B. We chose two sites that 
have been extensively characterized in BB. The 
mutation H212N (symmetrical NBB in Fig. 2A) 
prevents heme b,; assembly without affecting other 
cofactors in the cytochrome bc, structure (5). This 
heme by; knockout markedly cuts short electron 
transfer in both upper H branches and, because 
upper and lower branches are energetically coupled, 
diminishes quinol oxidation levels at the Q, site and 
linked electron transfer into the lower branch. The 
second site, G1S8W (symmetrical yBBw in Fig. 
2A), prevents substrate quinol binding at the Q, site 
(Q, site knockout), again without affecting the 
function of the other cofactors, and effectively 
inactivates dual electron transfer from quinol into 
both lower and upper branches (4). We achieved 
expression and assembly of mutants with asym- 
metrically placed copies of H212N or G158W in 
B-B, either separately or together in various com- 
binations [table S1 and supporting online material 
(SOM) text]. Figure S4 confirms the proper size of 
the subunits of B-B in these asymmetric single- and 
double-mutant forms, and Fig. 3 and figs. S5 and 
S6 demonstrate that levels of expressed heme by 
(reported by UV-visible spectra) or occupied Q, site 
(reported by the EPR spectrum of the FeS cluster) 
are precisely half that of the native cytochrome bc, 
as expected. 

As depicted in Fig. 2B, permutations of these 
two strategically positioned mutations unambig- 
uously expose all possible electron-transfer paths 
through the individual branches and bridge of 
this H-shaped electron transfer system. Figure 4 
shows two types of kinetic assays, flash-induced 
on the left and steady-state on the right. After a 
flash of light activates the photosynthetic reaction 
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Fig. 3. Spectroscopic proof of structural asymmetry imposed by mutations in B-B. (A) X-band continuous- 
wave EPR spectra of the FeS cluster in membranes. Left: B-B with native g, transition at 1.804 (intact Q, site); 
wBBy with g, broadened and shifted to 1.774 (disabled Q, site); yB-B shows two distinct g, transitions of 1.804 
and 1.774. Right: g, in wB-B fitted with linear combinations of two Gaussian curves (blue) obtained from fitting 
of single Gaussian curve to the shape of g, in B-B (red) and yBBy (green) with equal contribution of each 
component. To produce such spectra, mutated and nonmutated Q, sites in yB-B must each communicate with 
one head domain of the FeS subunit, as expected for an assembly of one fusion protein per set of two FeS 
subunits. (B) Optical redox difference spectra of hemes in membranes: B-B with native-like spectrum with 
hemes C (peak at 550 nm) and B (peak at 560 nm) components; “BB™ with diminished amplitude at 560 nm 
reflecting absence of both hemes b,, in dimer; ‘B-B shows decreased peak at 560 nm with the amplitude in 
between that of the spectrum of B-B and “BBY, as expected for a loss of only one heme by in “B-B. Solid and 
dashed lines, dithionite minus ferricyanide and ascorbate minus ferricyanide spectra, respectively. 


Table 1. Enzymatic activity supported by the complete H-shaped electron transfer system and its 
truncated derivatives. 


Turnover rate (1/s) 


Name* 
Without inhibitor With antimycin* 

BB 56.4 3.2 

Bp 1.6 1.7 

wBBy 0.1 0.1 

B-B 60.0 3.4 

NB-B 48.7 3.2 

wB-B (B-By) 51.9 (53.6) 2.0 (2.1) 
w'B-B (B-B yw) 36.4 (46.0) 1.9 (2.0) 
wB-BN 26.1 1.3 


*Letter code corresponds to schemes of Fig. 2. Obtainable second versions of some forms (table $1) and their activities are 
shown in parentheses. tMeasured for cytochrome bc, in membranes. tMyxothiazol or stigmatellin in place of 
antimycin abolished activity to almost zero in all forms. 


center to oxidize cytochrome c, the re-reduction 
of cytochrome c provides a sensitive indicator of 
electron-transfer activity and quinol oxidation catal- 
ysis in cytochrome bc. Cytochrome c oxidation- 
reduction in B-B (Fig. 4A, top trace) is similar to 
that of wild-type BB (not shown). Flash-activated 
microsecond oxidation of cytochrome c is shown as 
a prompt downward change. In the ensuing milli- 
seconds, the upward trending cytochrome c trace 


shows re-reduction by electrons coming through the 
lower branches of the H from oxidations of quinol 
in the Q, site (Fig. 4A, top trace, black). 

The critical involvement of upper and lower 
branches in quinol oxidation is demonstrated by 
inhibition by antimycin. It inactivates both Q; sites 
and prevents movement of electrons through and 
out of the upper branches, which in turn restricts 
movement of electrons through and out of the lower 
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Fig. 4. Testing functional branch connection in 
the H-shaped electron transfer system. (A) Light- 
induced oxidation and re-reduction of cytochrome 
c at 550 minus 540 nm in membranes containing 
complete knockout variations described in Fig. 2. 
Black, uninhibited; red, inhibited with antimycin. 
B-By and B-B', displayed kinetics similar to that of 
wB-B and w"B-B, respectively (not shown). (B) Cor- 
responding steady-state enzymatic reduction of cy- 
tochrome c at 550 nm. Rates are listed in Table 1. 
(© Light-induced heme b,, kinetics in yB-B" in the 
presence of antimycin abolishing Q; action (red) or 
stigmatellin abolishing Q, action (green). In wB-B™ 
blocked with antimycin (ant), the only route to 
reduce heme b,, (red) must involve the heme b, to 
b, electron transfer. stg, stigmatellin. 


branch to cytochrome c; thus cytochrome c reduc- 
tion is greatly impeded (Fig. 4A, top trace, red). 
Similarly, the double, symmetric heme b,; knockout 
(BBS) trims the upper branch at the point before 
the Q; site and impedes cytochrome c reduction, even 
without antimycin (Fig. 4A, second trace). However, 
unlike the symmetric NBB, the single asymmetric 
heme bj; knockout (NB-B) that inactivates one 
of the two upper branches has cytochrome c re- 
reduction kinetics very similar to that of the knockout- 
free B-B (Fig. 4A, third trace). Parallel results are 


www.sciencemag.org SCIENCE VOL 329 23 JULY 2010 


453 


Downloaded from www.sciencemag.org on July 22, 2010 


REPORTS 


found for the Q, site mutants. Cytochrome c re- 
reduction in the double, symmetrical Q, site knock- 
out (wBBy) is impeded (Fig. 4A, fourth trace), 
whereas the inactivation of only one of the two 
lower branches (either yB-B or B-Bw) reveals cyto- 
chrome c re-reduction kinetics only slightly slower 
than in knockout-free B-B (Fig. 4A, fifth trace). 
Moreover, knocking out both upper and lower 
branches of electron transfer in the same monomer 
(wNB-B or B-BNw) causes a similar minor slowing 
of cytochrome c re-reduction (Fig. 4A, second from 
bottom). These results demonstrate that the activ- 
ity of one intact monomer is independent of the 
functional status of the other monomer. 

The mutant combination yB-B™ (Fig. 2B and 
Fig. 4A, bottom) allows investigation of cross mono- 
mer electron transfer. The result is unambiguous. 
After light-flashinduced oxidation of cytochrome 
c, re-reduction follows the same general pattern 
observed with the unmutated B-B and mutants 
with singly or doubly knocked out cofactors in the 
same chain of one monomer. Thus, flash-activated 
electron transfer occurs between the monomers on 
the millisecond time scale. 

Figure 4B and Table 1 repeat these analyses with 
a dark, steady-state activity assay that is standard for 
cytochrome bc; in respiratory systems. These 
analyses confirm the results from flash activation 
in showing that for NB-B, wB-B or B-By, wNB- 
B or B-BNy, and wB-BN the observed steady- 
state rates are never less than half that of B-B. 

Figure 4C reveals approximately millisecond 
electron transfer across the bridge in yB-B™ more 
directly by following heme by; reduction. This rough- 
ly matches enzymatic tumover and demonstrates 
that intermonomer electron transfer is a physiolog- 
ically relevant event. This time is also within the 
uncertainty of the calculated pure tunneling time, 
showing that any chemical or conformational events 
coupled to electron tunneling between hemes by, 
must be minor, and is inconsistent with the view that 
electron transfer between the hemes b;, does not 
occur (/6). Moreover, because inactivation of either 
monomer or any upper or lower monomer branch 
has no notable effect on the milliseconds or seconds 
time scale electron transfer throughout the dimer, 
there is serious doubt that intermonomer or inter- 
branch conformational interactions play an impor- 
tant role in regulating energy coupling or function 
of cytochrome be, (/0-15). 

In the absence of intricate regulation, the nat- 
ural engineering of electron transfer connections in 
dimeric cytochrome bc, appears relatively simple 
and robust. Dimerization of proteins is common 
and proceeds for any number of different reasons. 
But merely by permitting two of the core redox 
cofactors on either side of a dimer interface to 
approach to within a 14 A electron-tunneling dis- 
tance, independent elementary redox chains are con- 
verted to an H-shaped electron transfer system 
that enables any connection between terminals on 
opposite sides of the membrane to be enzymati- 
cally competent. This simple electronic distribution 
to the four terminals of the dimer can be likened to a 
molecular version of a conducting bus bar familiar 


in electronics (fig. S1). The uniting action of the bus 
bar offers several advantages for respiration and 
photosynthesis, especially under stress. Multiple 
unpaired electrons produced at the Q, site (19, 20) 
and implicated in the production of reactive oxy- 
gen species (ROS) (2/—24) can be collected and 
neutralized (5, 25). The bus bar also builds in re- 
dundancy to allow physiological function of the 
protein even after operational damage of one part, 
perhaps from ROS. Finally, this design increases 
the effective diffusion target size for substrates ubi- 
quinone and cytochrome c (26) that may be critical 
in the overcrowded bioenergetic membrane (27). 
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Sfrp5 Is an Anti-Inflammatory 
Adipokine That Modulates Metabolic 
Dysfunction in Obesity 


Noriyuki Ouchi,?* Akiko Higuchi,? Koji Ohashi,? Yuichi Oshima,? Noyan Gokce,” 
Rei Shibata,? Yuichi Akasaki,? Akihiko Shimono,* Kenneth Walsh** 


Adipose tissue secretes proteins referred to as adipokines, many of which promote inflammation and 
disrupt glucose homeostasis. Here we show that secreted frizzled-related protein 5 (Sfrp5), a protein 
previously linked to the Wnt signaling pathway, is an anti-inflammatory adipokine whose expression is 
perturbed in models of obesity and type 2 diabetes. Sfrp5-deficient mice fed a high-calorie diet developed 
severe glucose intolerance and hepatic steatosis, and their adipose tissue showed an accumulation of 
activated macrophages that was associated with activation of the c-Jun N-terminal kinase signaling 
pathway. Adenovirus-mediated delivery of Sfrp5 to mouse models of obesity ameliorated glucose 
intolerance and hepatic steatosis. Thus, in the setting of obesity, Sfrp5 secretion by adipocytes exerts 
salutary effects on metabolic dysfunction by controlling inflammatory cells within adipose tissue. 


besity is a predisposing factor for meta- 
bolic disorders, such as type 2 diabetes, 
which are often associated with a low- 
grade inflammatory state in adipose tissue. Adi- 
pose tissue secretes a variety of cytokines, referred 
to as adipokines (J—3). Most adipokines—such as 
tumor necrosis factor o (TNFa), interleukin-6 
(IL-6), and leptin—are proinflammatory. One 


prominent exception is adiponectin (APN), an 
anti-inflammatory adipokine that promotes insu- 
lin sensitization and protects cardiovascular 
tissue from ischemic injury (2, 4). 

Because adipokine dysregulation can contrib- 
ute to the pathogenesis of obesity-linked disorders, 
we sought to identify new adipokines by compar- 
ing the gene expression profile of adipose tissue 
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from lean mice with that from obese mice fed a 
high-fat, high-sucrose (HF-HS) diet (5, 6). Of 
numerous candidates, we found that secreted 
frizzled-related protein (Sfrp) 5 was expressed at 
substantially higher levels in white adipose tissue 
than in other tissues at both the transcript and pro- 
tein levels and that the Sfrp5 transcript was con- 
fined to adipocytes rather than stromal vascular 
cells (fig. S1). Sfp proteins sequester Wnt proteins 
in the extracellular space and prevent Wnt binding 
to their receptors (7, 8). Canonical Wnt signaling 
negatively regulates adipogenesis (9), but little is 
known about the role of Sfrp5 in the control of 
noncanonical Wnt signaling in adipose tissue or 
in the regulation of systemic metabolism. 

To investigate Sfrp5 regulation during meta- 
bolic dysfunction, we examined its expression in 
rodent models of obesity (6). Sfrp5 expression 
was reduced in obese leptin-deficient (ob/ob) mice 
(Fig. 1A) and Zucker diabetic fatty rats (fig. S2). 
Sfirp5 expression was also reduced in wild-type 
(WT) mice fed a HF-HS diet for 24 weeks (Fig. 
1B), but Sfrp5 expression was transiently up- 
regulated after 12 weeks of the diet, when meta- 
bolic dysfunction and adipose tissue expression 
of markers of inflammation, macrophage infiltra- 
tion, and oxidative and endoplasmic reticulum 
stresses are less severe (fig. S3). Sfrp5 has been 
shown to bind and antagonize both WntSa and 
Wntl1 (/0). WntSa protein expression, but not 
Wnt11, could be detected in adipose tissues (Fig. 
1 and figs. S2 and S3). In all models examined, 
obesity led to higher levels of WntSa expression 
and an increase in the ratio of Wnt5a to SfrpS. 

To determine whether Sfip5 regulation is rel- 
evant to human obesity, we analyzed visceral fat 
biopsy specimens of obese individuals. Individ- 
uals presenting with macrophage crown-like 
structures (CLSs), an indicator of adipose tissue 
inflammation (//, 12), also displayed a decrease 
in Sfrp5 transcript expression compared with obese 
individuals that were negative for CLS (fig. S4). 
CLS-positive individuals also displayed higher 
levels of adipose TNFo transcript expression and 
an increase in the homeostasis assessment model 
for insulin resistance (HOMA-IR) index. 

To investigate whether Sfip5 regulates metab- 
olism, we studied Sfip5-deficient (Sfip5“) mice 
fed normal or HF-HS diets. No significant differ- 
ences in body weight (BW) (WT mice: 33.1 + 0.8 g 
and Sfip5“ mice: 34.1 + 1.1 g), glucose disposal, 
or insulin sensitivity could be detected between 
SfipS’ and WT mice when mice were given 
standard feed (Fig. 2A). However, feeding the HF- 
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HS diet to Sfip5 mice for 12 weeks led to sig- 
nificant impairments in glucose clearance and insu- 
lin sensitivity compared with results in WT mice 
(Fig. 2A). Although Sfip5” mice fed a HF-HS diet 
showed a small, but significant, increase in BW 
compared with WT mice, both strains had similar 
daily food intake during the experimental period of 
HF-HS diet feeding (fig. S5). Fasting glucose and 
insulin levels were elevated, and a greater degree of 
hepatic steatosis, with a higher triglyceride content 
and heavier liver weight, were observed in Sfrip5 “ 
mice compared with WT mice fed the HF-HS diet 
(Fig. 2B and fig. S5). We also performed his- 
tological analyses on epididymal adipose tissues. 
Sfrp5” mice fed a HF-HS diet had larger adipo- 
cytes than WT mice fed the same diet (Fig. 2C). 
Thus, Sfrp5-deficiency produces a phenotype of 
metabolic dysfunction only in mice that are under 
obesity-induced metabolic stress and not in mice 
under normal nutritional conditions. 

The development of insulin resistance is linked 
to a macrophage-mediated inflammation of adi- 
pose tissues (13/5). Thus, to determine whether 
Sfip5~ mice show signs of an increased inflam- 
matory response, the macrophage content of adi- 
pose tissue from Sfip5* and WT mice was 
measured. Cells positive for F4/80, a macrophage 
marker, were more abundant in adipose tissue of 
Sfip5~ mice than that of WT mice when both 
strains were fed a HF-HS diet (Fig. 2D). Consist- 
ent with this finding, transcript levels of F4/80 
and CD68, another macrophage marker, were 
significantly elevated in epididymal adipose tissue 
of Sfip5~ mice compared with WT mice fed a 
HF-HS diet, but not when given normal feed (fig. 
S6). We also examined the expression levels of 
proinflammatory mediators in the stromal vascular 
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fractions isolated from epididymal adipose tissue. 
When mice were fed a HF-HS diet, significant 
increases in levels of TNFo, IL-6, and monocyte 
chemotactic protein—1(MCP-1) transcripts 
occurred in the stromal vascular fraction from 
fat tissue of Sfrp5’ mice compared with WT 
mice (fig. S6). Transcript levels of TNFo, IL-6, 
and MCP-1 did not differ between Sfrp5” and 
WT mice when given normal feed. 

To analyze the downstream signaling path- 
ways affected by Sfrp5 deficiency, we assessed 
whether the canonical or noncanonical Wnt sig- 
naling pathways were activated in epididymal 
adipose tissues of Sfrpy” and WT mice fed a 
HF-HS diet. No differences were detected in 
transcript expression of cyclin D1 or WISP-2, 
indicators of canonical Wnt signaling, between 
Sfip5 and WT mice (fig. S6). In contrast, 
phosphorylation of c-Jun N-terminal kinase 
(JNK), a downstream target of the noncanonical 
Wnt signaling (16, 17), was elevated 2.0 + 0.1 
(P < 0.05) in white adipose tissue in Sfip5~ 
mice. Also, the phosphorylation of c-Jun, a down- 
stream substrate of JNK, was elevated in Sfip5~ 
mice by a factor of 2.3 + 0.2 (P < 0.05) compared 
with WT mice (Fig. 3A). Activation of JNK1 
promotes insulin resistance through serine phos- 
phorylation of insulin receptor substrate—1 (IRS-1) 
(/8). We found that IRS-1 phosphorylation at 
residue Ser°’ was increased in fat tissue of 
SfipS” mice by a factor of 2.2 + 0.3 (P < 0.05) 
compared with WT mice (Fig. 3A). We also 
assessed insulin signaling in adipose tissue by 
measuring the activating phosphorylation of Akt at 
Ser” after systemic insulin administration. In 
WT mice fed a HF-HS diet, insulin stimulated the 
phosphorylation of Akt in fat pads, but this in- 
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duction of phosphorylation was diminished in the 
HF-HS diet-fed Sfip5” mice (Fig. 3B). Because 
activation of JNK causes obesity-induced insulin 
resistance (18), we hypothesized that the en- 
hanced metabolic dysfunction observed in HF-HS 
diet-fed Sfrp5 “ mice could be attributed to the 
noncanonical activation of JNK in fat tissues. 


Time (min) 


To determine the effect of SfrpS and Wnt5Sa 
on JNK activation at the cellular level, we trans- 
duced 3T3-L1 adipocytes with adenoviral vectors 
encoding Sfrp5 (Ad-Sfrp5) or B-galactosidase 
(Ad-$-gal) as controls, then incubated the cells 
with Wnt5a protein. Compared with control vector, 
Ad-Sfrp5 increased Sfrp5 protein levels in both 


Time (min) 


cell lysates and media (fig. S7) and cancelled the 
stimulatory effects of Wnt5Sa on the phosphoryl- 
ation of JNK in adipocytes (Fig. 3C). Consist- 
ent with findings from mice, neither Sfrp5 nor 
WntSa had an effect on TOPflash reporter activ- 
ity, which transcriptionally responds to canonical 
Wnt signaling (fig. S7). 
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Fig. 4. Systemic deliv- A 5 pedis B 
ery of Sfrp5 is protective bs Sie 
against metabolic dys-  _ “°° Dasani ig 120 

function in obese mice. S400 S400 

(A) (Left) Glucose toler- £350 6 

ance and (right) insulin —$ 300 = 80 

tolerance assays. Ad-B- © og 3 ze r 

gal and Ad-Sfrp5 along B son = a oes 

with AdCMV-tTA, or Ad- 3 8 40 * 

APN were intravenously guise S 

administered to ob/ob 100 0 30 60 90 120 20 

mice at the age of 20 Time (min) Time (min) 


weeks. Two weeks after 


supplementation of adenoviral reagents (B-gal, Sfrp5, or APN), glucose tolerance and insulin 
tolerance tests were performed (n = 5 or 6 in each group). *P < 0.01 versus §-gal treatment. 
**P < 0.05 versus B-gal treatment. (B and C) Representative histological sections of (B) fat 


pads stained with H&E and (C) liver stained with oil red O in B-gal— or Sfrp5-treated ob/ob 
mice. Scale bars, 100 um. (B) (Right) Quantification of adipocyte size (n = 6). (C) (Right) Triglyceride (TG) content of liver (n = 6). 


To assess the effect of SfrpS5 on JNK acti- 
vation and inflammatory responses in macro- 
phages in vitro, we stimulated murine macrophages 
with WntSa protein in the presence of conditioned 
media from 3T3-L1 adipocytes transduced with 
Ad-Sfrp5 or Ad-f-gal. WntSa-stimulated JNK 
phosphorylation in macrophages was blocked by 
the conditioned medium from adipocytes trans- 
duced with Ad-Sfrp5, but not Ad—f-gal (Fig. 3D). 
Treatment with Wnt5a also increased TNFa and 
IL-6 transcript expression by macrophages, and 
this was also blocked by conditioned medium 
from Ad-Sfrp5—transduced adipocytes (fig. S8). 
To explore whether JNK signaling contributes to 
Wnt5a-stimulated induction of TNFa and IL-6, 
we pretreated macrophages with the JNK inhibitor 
SP600125 and incubated the cells with WntSa. 
Pretreatment with SP600125 diminished WntSa- 
stimulated expression of TNFa and IL-6 (fig. S8), 
which indicated that Sfrp5 blocks macrophage 
activation through inhibition of WntSa-JNK 
signaling. Similarly, the stimulatory effect of WntSa 
on IL-6 expression in adipocytes was blocked by 
transduction with Ad-Sfip5 or pretreatment with 
SP600125 (fig. $7). 

To investigate the role of JNK1 activation in 
the dysfunctional metabolic phenotype of the 
Sfirp5-deficient mice, we generated mice lacking 
both Sfrp5 and Jnk1. Consistent with a previous 
report (18), Jnk1 ~ mice exhibited improvements 
in insulin and glucose sensitivity, as well as re- 
duced BW, compared with WT mice when fed 
the HF-HS diet (Fig. 3E and fig. S9). Whereas 
Sfrip5” mice showed profound insulin resistance 
and glucose intolerance, Sfip5’ JnkI’” double- 
knockout (DKO) mice showed glucose disposal 
responses that were comparable with those of 
JnkI~ mice (Fig. 3E). Furthermore, although 
BW and transcript levels of TNFo, IL-6, and 
MCP-| in fat tissue were elevated in Sfrp5~ “ mice 
compared with WT mice, BW and proinflamma- 
tory mediator expression levels did not differ for 
JnkI~ and SfipS’ InkI~ mice (fig. $9). Thus, 
the impaired insulin sensitivity and enhanced 
adipose tissue inflammation in Sfrp5" “ mice can 
be attributed to enhanced activation of JNK1. 


To assess whether Sfrp5 can prevent the de- 
velopment of insulin resistance in vivo, we intra- 
venously administered Ad-Sfip5 or Ad-f-gal to 
WT and Sfip5 “ mice that were fed a HF-HS diet. 
Both WT and Spd” mice treated with Ad-Sfip5 
showed significant improvements in glucose clear- 
ance compared with mice treated with the control 
vector (fig. S10). To investigate the effect of Sfrp5 
treatment on glucose metabolism in another model 
of metabolic dysfunction, we delivered Ad-Sfip5 or 
Ad--gal into ob/ob mice. Parallel experiments 
examined the consequences of intravenous in- 
jection of an adenoviral vector expressing APN 
(Ad-APN), because the chronic overexpression of 
this adipokine has been shown to reverse the 
metabolic consequences of leptin deficiency (19). 
Two weeks after treatment with Ad-Sfip5, glucose 
and insulin sensitivity were significantly improved 
(Fig. 4A). The administration of Ad-APN to ob/ob 
mice led to a threefold increase in plasma APN 
levels, but this was relatively ineffective in im- 
proving glucose clearance in this model. The 
administration of Ad-Sfrp5 also led to significant 
reductions in transcript levels of TNFo, IL-6, 
MCP-1, F4/80, and CD68 in adipose tissue, and 
this was accompanied by a reduction in the acti- 
vating phosphorylation of JNK (fig. S11). Treat- 
ment with Ad-Sfrp5 also led to the atrophy of 
enlarged white adipocytes in ob/ob mice (Fig. 4B) 
with a reduction of fat weight (Ad—B-gal: 2.51 + 
0.19 g and Ad-Sfrp5: 2.01 + 0.11 g, P< 0.05) and 
a marked attenuation of lipid accumulation in the 
liver (Fig. 4C). Taken together, these data indicate 
that acute Sfrp5 administration can reverse 
hyperglycemia and hepatic steatosis in multiple 
mouse models of metabolic dysfunction. 

In summary, we show that Sfirp5 is secreted 
by adipocytes and that it controls the micro- 
environment of white adipose tissue under con- 
ditions of metabolic stress. Whereas Sfip5 ~~ mice 
do not express a detectable phenotype when given 
normal feed, these animals displayed aggravated 
fat pad inflammation and systemic metabolic dys- 
function when fed a high-calorie diet. Conversely, 
the acute administration of Sfrp5 to models of obese 
and diabetic mice improved metabolic function 
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and reduced adipose tissue inflammation. We pro- 
pose that Sfrp5 neutralizes noncanonical JNK ac- 
tivation by WntSa in macrophages and adipocytes 
via paracrine and autocrine mechanisms, respec- 
tively. The JNK signaling pathway in adipocytes 
and macrophages has emerged as an important 
mediator of adipose tissue inflammation that af- 
fects systemic metabolism (/8, 20-22). Thus, the 
Sfrp5-JNK1 regulatory axis in fat represents a 
potential target for the control of obesity-linked 
abnormalities in glucose homeostasis. 
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Muscle Dysfunction Caused by a 
Katp Channel Mutation in Neonatal 
Diabetes Is Neuronal in Origin 
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Gain-of-function mutations in Kir6.2 (KCNJ11), the pore-forming subunit of the adenosine 
triphosphate (ATP)—sensitive potassium (Karp) channel, cause neonatal diabetes. Many patients also 
suffer from hypotonia (weak and flaccid muscles) and balance problems. The diabetes arises from 
suppressed insulin secretion by overactive Karp channels in pancreatic B-cells, but the source of the motor 
phenotype is unknown. By using mice carrying a human Kir6.2 mutation (Val?’Met?’) targeted 

to either muscle or nerve, we show that analogous motor impairments originate in the central nervous 
system rather than in muscle or peripheral nerves. We also identify locomotor hyperactivity as a feature 
of Karp channel overactivity. These findings suggest that drugs targeted against neuronal, rather than 
muscle, Kazp channels are needed to treat the motor deficits and that such drugs require high 


blood-brain barrier permeability. 


eterozygous gain-of-function mutations 
H: the gene (KCN/J//) encoding the Kir6.2 

subunit of the adenosine triphosphate 
(ATP) sensitive potassium (Karp) channel can 
give rise to intermediate DEND (iDEND) syn- 
drome, a rare genetic disorder characterized by 
neonatal diabetes accompanied by muscle hypo- 
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Fig. 1. Muscle function is im- A 
paired by expression of Kir6.2- 
V59M in neurons but not in 
muscle. (A) Kir6.2 expression in 
tissue isolated from control, m- 
V59M, or n-V59M mice. Wild- 
type, but not mutant, cDNA is 


Control (ROSA) 


tonia, delayed speech and motor milestones, and 
balance problems (/). Hypotonia (lack of muscle 
tone), which is usually most severe in the lower 
limbs, may account in part for the gait impair- 
ments. K rp channels are widely expressed (2, 3), 
and it is not clear whether the hypotonia in iDEND 
results from overactive K,rp channels in muscle 
or in nerve. In the former case, muscle excitability 
would be directly reduced by excess hyperpolariz- 
ing Karp conductance, whereas in the latter 
neuronal regulation of muscle contraction would 
be compromised. To distinguish between these 
possibilities, we selectively expressed in mice a 
human gain-of-function Kir6.2 mutation in either 
muscle or nerve and evaluated its effect on muscle 


m-V59M 


cut by the restriction enzyme ski sk2 Heart sk3_ Brain sk1 
BtsCl; two bands thus indicate 
the presence of the wild-type 
gene only, and three bands B os 
Weight lifting Inverted screen 


indicate both wild-type and 
mutant genes. sk1, quadriceps 
muscle; sk2, triceps muscle; sk3, 14 
diaphragm. Data are represent- 12 
ative of experiments on four 
ROSA and four m-V59M mice 
done in parallel and three ROSA . 
and three n-V59M mice per- 6 
formed in parallel [supporting 4 

2 

0 


Score 


online material (SOM) text and 
additional control data in fig. 
S1A]. (B) Weight lifting, in- 
verted screen, and horizontal 


Mck-Crem-V59M __Nes-Cre n-V59M 
muscle 


Score 


nerve muscle 


sk2 Heart sk3_ Brain sk1 


Mck-Cre m-V59M _ Nes-Cre n-V59M 
nerve 


strength and motor coordination. We selected the 
Kir6.2-Val’—>Met® (V59M) mutation, which is 
the most common cause of IDEND (>50% of 
cases). Mice expressing this mutation selectively 
in pancreatic B-cells exhibit severe diabetes but no 
neurological problems (4). 

We used a Cre-lox approach in combination 
with the muscle creatine kinase promoter (Mck- 
Cre mice) or the nestin promoter (Nes-Cre mice) 
to selectively target expression of Kir6.2-V59M to 
either muscle (m-V59M mice) or nerve (n-V59M 
mice), respectively (5). Nestin is expressed in neu- 
ronal precursor cells, and nestin-Cre is thus ex- 
pected to target all neurons. However, because 
Karp channels comprise both Kir6.2 (pore- 
forming) and SUR (regulatory) subunits (3) and 
SUR 1s essential for both proper channel function 
and plasma membrane targeting (6), only those 
neurons that endogenously express SUR will ex- 
press functional transgenic Karp channels. SUR1 
mRNA expression was unaffected in mutant mice, 
suggesting that channel density will also be un- 
altered (fig. $1). 

The analysis in Fig. 1A confirms that Kir6.2- 
V59M mRNA is expressed in the muscle but not 
the brain of m-V59M mice, in the brain but not the 
muscle of n-V59M mice, and not at all in control 
mice (5). Furthermore, endogenous wild-type and 
introduced mutant Kir6.2 mRNAs are expressed 
at comparable levels (fig. S1). This establishes our 
hemizygous mouse as a plausible model for hu- 
man patients with the VS9M mutation, all of whom 
are heterozygotes (/). 

On three tests of muscle strength (5), mice 
selectively expressing the Kir6.2-V59M muta- 
tion in muscle performed equally well to control 
mice (Fig. 1B and fig. S2). Likewise, their motor 
control and balance were unaffected (5) (Fig. 2A 
and fig. $3). In contrast, mice in which Kir6.2- 


n-V59M 


sk2 Heart sk3 Brain 


Horizontal bar 


Score 
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bar tests on 12-week-old m-V59M (n = 42), n-V59M (n = 31), and control mice (Mck-Cre, n = 35; Nes-Cre, n = 53). Mean + SEM. ***P < 0.001 [Kruskal-Wallis one- 
way analysis of variance (ANOVA) on ranks]. Additional control data in fig. $2. 


23 JULY 2010 VOL 329 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on July 22, 2010 


V59M was targeted to neurons performed less 
well in all tests of muscle function: they were 
unable to lift weights as effectively or to hang as 
long from an inverted screen or a horizontal bar 


Fig. 2. Motor coordination and A 
locomotor activity are impaired by 
expression of Kir6.2-V59M in neu- 
rons but not in muscle. (A) (Left) 
Orientation time and (middle) 
percentage of falls on the static 
rod test and (right) time before 
falling from a rotating rod for m- 
V59M, n-V59M, and control (Mck-Cre, 
Nes-Cre) mice. Same mice as in 
Fig. 1. (B and C) Duration of time 
spent in spontaneous physical 
activity (B) or using a free-running 
wheel (C) over a 23-hour period for 
12-week-old n-V59M (n = 13), 
Nes-Cre (n = 14), ROSA (n = 14), and 
wild-type (WT) (n = 4) littermates. 
Mean + SEM. **P < 0.01. ***P < 
0.001 (one-way ANOVA). Additional 
control data are in fig. S3. 


Time (s) 


Fig. 3. Karp channel activity in Purkinje cells of n- 
V59M mice and skeletal muscle of m-V59M mice. 
(A) Mean (+ SEM) action potential frequency of 
control (gray) and n-V59M (black) neurons in the 
absence (for control, n = 9 mice, 34 neurons; for n- 
V59M, n = 3 mice, 26 neurons) and presence (for 
control, n = 7 mice, 16 neurons; for n-V59M, n = 3 
mice, 15 neurons) of 500 uM tolbutamide. Cell- 
attached recordings. **P = 0.002 (t test). (B) Mean 
(+ SEM) resting membrane potential of control 
(gray, n = 17 neurons, six mice) and n-V59M 
neurons (black, n = 13 neurons, five mice) in the 
absence and then the presence of 200 uM tolbu- 
tamide. Whole-cell recordings. ***P < 0.001 (t test). 
(C) Karp channel currents recorded at —60 mV in 
inside-out patches from control (above) or m-V59M 
(below) flexor digitalis brevis (FDB) muscle. (D) Mean 
(+ SEM) MgATP sensitivity of Karp channels in inside- 
out patches from control (, 1 = 4; ICsg = 15 uM) or 


m-V59M (0, n = 4; ICs = 66 uM) FDB muscle. 
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(Fig. 1B and fig. S2). n-V59M mice also showed 
impaired balance control (Fig. 2A and fig. S3). 
For example, they took three times longer than 
controls to turn around on a thin rod suspended 
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above the ground, and many fell off while at- 
tempting to do so (movies S1 and 82). The n- 
V59M mice also fell offa rotating rod earlier than 
control mice. 
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These results demonstrate that n-V59M mice 
are impaired in muscle strength, balance, and 
motor coordination. Their motor problems could 
be due either to reduced excitability of central 
nervous system (CNS) neurons or to decreased 
transmitter release at the neuromuscular junction. 
Studies of isolated nerve-muscle preparations (5) 
ruled out the latter possibility, because no differ- 
ences were observed in the amplitude and fre- 
quency of miniature endplate potentials or evoked 
endplate potentials between control and n-V59M 
mice (fig. S4). There was also no difference in the 
muscle resting membrane potential. Similar results 
were found for m-V59M mice (fig. S5). This 
suggests that the motor difficulties experienced by 
the mice originate in the CNS. 

The n-V59M mice also displayed hyper- 
activity, spontaneously moving around more 
frequently (Fig. 2B) and staying significantly 
longer than controls in free-running wheels (5) 
(Fig. 2C and fig. S6). Although hyperactivity is 
not included as a characteristic feature of IDEND 


A 60 
5.0 
4.0 


3.0 


Current (uA) 


KK 


WT (n=9) —_-hetV59M (n=7) 


SUR1 


m®@ SUR1 
O00 SUR2A 


0.1 1 10 


100 
MgATP (uM) 


1000 


10000 


syndrome (/), several reports have indicated that 
once iDEND children have learned to walk they 
exhibit pronounced hyperactivity (7-9). Our 
results raise the possibility that this is caused by 
Karp channel overactivity and might therefore be 
included as a feature of IDEND. 

To confirm that neurons are indeed affected 
by the Kir6.2-V59M mutation, we recorded the 
electrical activity of cerebellar Purkinje cells in 
acute brain slices (5). Karp channels are highly 
expressed in multiple brain regions, including 
those involved in movement (e.g., cortex and 
cerebellum) (/0, //), but we selected Purkinje 
cells because of their importance for motor 
control. In both cell-attached (Fig. 3, A and B, 
and fig. S7) and whole-cell (fig. S7C) recordings, 
action potential frequency was substantially 
lower in Purkinje cells of n-V59M mice than of 
controls. Tolbutamide, a specific inhibitor of K,rp 
channels, increased the firing rate of n-V59M cells to 
that of control neurons but had no effect on control 
cells (Fig. 3A). The resting membrane potential 


of n-V59M Purkinje cells was also more hyper- 
polarized than in controls and was restored by tol- 
butamide (Fig. 3B). This suggests that, in n-V59M 
mice, an increased Karp current in Purkinje cells 
suppresses firing and may thereby impair motor 
function. Neurons other than Purkinje cells are 
also likely to contribute to the motor phenotype. 
Patch-clamp recordings of isolated muscle 
fibers from m-V59M mice revealed that the ATP 
sensitivity of the native muscle Karp channel is 
reduced compared with that of control mice (Fig. 
3, C and D, and table S1). Why should the 
Kir6.2-V59M mutation fail to affect the muscle 
membrane potential, yet hyperpolarize neurons? 
We reasoned this might reflect differences in tis- 
sue metabolism (and thus intracellular ATP con- 
centrations) or, alternatively, that it may be due to 
the different SUR isoforms that compose muscle 
(SUR2A) and nerve (SUR1) Karp channels (3). 
To distinguish between these possibilities, we com- 
pared the responses of muscle and neuronal types 
of Karp channel heterologously expressed in the 
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Fig. 4. Kir6.2/SUR1 and Kir6.2/SUR2A show different sensitivities to metabolic 
inhibition. (A) Mean (+ SEM) steady-state whole-cell Karp currents evoked by a 
voltage step from —10 to —30 mV before (black) and after (pale gray) application of 3 
mM azide for oocytes injected with Kir6.2 (WT) or a 1:1 mixture of Kir6.2 and Kir6.2- 
V59M (hetV59M) mRNA, plus either SUR1 or SURZA mRNAs. White, 3 mM azide 
plus 300 uM diazoxide (SUR1) or 100 uM pinacidil (SUR2A). Dark-gray, 3 mM 
azide, 300 uM diazoxide, and 0.5 mM tolbutamide (SUR1) or 3 mM azide, 100 uM 
pinacidil, and 10 uM glibenclamide (SUR2A). The number of oocytes is indicated. 
**P < 0.001 with respect to WT (t test). (B) Mean (+ SEM) MgATP sensitivity of 
Kir6.2/SUR1 (©, n = 15), Kir6.2/SUR2A (O, n = 15), hetKir6.2-VS59M/SUR1 (#, 


n= 12), and hetKir6.2-V59M/SUR2A (9, n = 16) channels. Karp conductance 
(G) is expressed relative to that in the absence of nucleotides (G,). The curves 
are the best fit of the Hill equation to the mean data (SOM text and table S1). 
(C) MgADP activation of channels composed of WT Kir6.2 (left) or Kir6.2-V59M 
(right) plus either SUR1 (black) or SUR2A (white). Increase in the Karp conductance in 
the presence of 100 1M MgADP. Conductance (G) is expressed as a fraction of the 
maximal conductance in the absence of MgADP (G,). Mean + SEM. (D and E) Mean 
(t SEM) MgATP sensitivity of hetKir6.2-VS59MWSUR1 (D) and hetKir6.2-VS59MWV/SUR2A 
(E) channels in the absence (@; SUR1, n = 12; SUR2A, n = 16) or presence (0; SUR1, 
n= 14; SUR2A, n = 7) of 100 uM MgADP (SOM text and table $2). 
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same cell type (Xenopus oocytes) (5). Channels 
composed of wild-type Kir6.2 and either SUR1 or 
SUR2A were closed under resting conditions be- 
cause of the high oocyte intracellular ATP concen- 
tration. Lowering intracellular ATP concentration 
by metabolic inhibition activated large whole-cell 
Kir6.2/SURI currents but had no effect on Kir6.2/ 
SUR2A channels (Fig. 4A). The Kir6.2-V59M 
mutation enhanced the resting Kir6.2/SUR1 current 
but had no effect on Kir6.2/SUR2A currents, which 
remained closed even when metabolism was inhib- 
ited. Thus, differences in SUR isoforms explain 
why muscle is unaffected by the Kir6.2-V59M mu- 
tation, whereas neuronal electrical activity is reduced. 

Adenine nucleotides inhibit Karp channels by 
binding to Kir6.2 and (when Mg** is present) 
activate them via interaction with SUR (/2, /3). 
MgATP block (Fig. 4B) and magnesium adeno- 
sine diphosphate (MgADP) activation in the ab- 
sence of MgATP (Fig. 4C) were similar for Kir6.2/ 
SURI and Kir6.2/SUR2A channels whether wild- 
type or mutant. By contrast, whereas MgADP acti- 
vated SUR 1-containing channels when MgATP was 
present, markedly shifting the ATP dose-response 
curve (Fig. 4D), this was not the case for SUR2A- 
containing channels (Fig. 4E). This difference 
may underlie the different sensitivities of mutant 
Kir6.2/SUR1 and Kir6.2/SUR2A channels to 
metabolic inhibition. 

Our results demonstrate that hemizygous mice 
carrying the Kir6.2-V59M mutation provide a 
faithful model for the muscle weakness, balance 
problems, and hyperactivity seen in iDEND chil- 
dren. They also confirm that analogous problems 
in human patients are not a secondary consequence 
of diabetes (or of insulin-induced hypoglycemia), 
because the mice have normal blood glucose levels 
(fig. S8). Importantly, the data indicate that the 
motor deficits result from impairment of neuronal, 
not muscle, function. 

Over the past 4 years, sulphonylurea therapy has 
become the treatment of choice for neonatal diabetes 
and iDEND (/4). These drugs stimulate insulin se- 
cretion by blocking open K rp channels (/5). They 
also improve the neurological problems in many 
(but not all) iDEND patients. Some children begin 
to walk or talk for the first time shortly after starting 


therapy (/6); in most cases, hypotonia and fine mo- 
tor control are improved (/7) and hyperactivity is 
reduced (9, 70). Our data suggest that these im- 
provements reflect sulphonylurea block of inap- 
propriately active K,rp channels in brain neurons. 

Most iDEND patients are currently treated 
with glibenclamide, which interacts with both 
SURI and SUR2A. Our hypothesis that their 
muscle problems are likely neuronal in origin 
means that it may also be possible to use SUR1- 
specific sulphonylureas such as tolbutamide, gli- 
clazide, or nateglinide (/5). Indeed, there is one 
report that gliclazide can enhance movement 
control in a patient (/7). 

The choice of sulphonylurea used for type 2 
diabetes therapy has long been debated (/8—20). 
In particular, there has been concern that these 
drugs may interact adversely with cardiac (SUR2A- 
containing) Karp channels. K ,rp channel activa- 
tion plays an important role in cardiac ischemic 
preconditioning in the heart (3), and this effect is 
prevented by glibenclamide (2/). Neonatal dia- 
betes patients require higher sulphonylurea doses 
than type 2 diabetes patients, and they may be 
expected to take the drugs over a much longer 
time period. Our finding that the motor problems 
in iDEND are neuronal in origin suggests that it 
is unnecessary to use blockers of muscle (SUR2A- 
containing) K.,rp channels to ameliorate the motor 
problems. Thus, it may be worth considering 
whether iDEND patients would be better treated 
with SUR1-specific drugs to avoid potential car- 
diac cross-reactivity. 

Lastly, when examined in the light of our 
mouse data, the success of sulphonylureas in treat- 
ing the muscle impairments of iDEND children 
suggests that these drugs gain access to the brain. 
This means that efforts to improve sulphonylurea 
therapy for motor problems in iDEND patients 
should focus on identifying those that have high 
blood-brain barrier permeability. 
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MOLECULAR INTERACTION ANALYSIS 
(— The Biacore 4000 is a powerful solution for large-scale, label-free i. 
lecular interaction analysis in drug discovery, from early screening to 
characterization. The system delivers high-quality binding, kinetic, af- 
finity, concentration, and specificity data in both screening assays and 
detailed characterization studies. Designed for large-scale parallel inter 
action analyses, the Biacore 4000 is capable of analyzing up to 4,800 
interactions in 24 hours. Dedicated software packages are available to 
support small-molecule drug discovery and antibody screening and char 
acterization. In combination with the LMW Extension Package software, 
the Biacore 4000 delivers the sensitivity, throughput, and high-quality 
data required for fragment screening, lead selection, and optimization. 
The Antibody Extension Package provides dedicated software tools for 
high throughput kinetic studies and epitope mapping, enabling rapid 
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identification of promising candidates. 
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FUNCTIONAL PROTEIN EXPRESSION KIT 

The Invitrogen MembranePro Functional Protein Expression 
(FPE) Kit is an easy-to-use method for obtaining functional 
membrane proteins, including GPCRs, from mammalian cells. 
The kit can be used to clone and transfect GPCRs or other 
membrane protein genes into 293FT cells, collect the culture 
media after 48 hours, and precipitate the secreted membrane 
particles overnight. After resuspension, the particles are ready 
for immediate use in downstream biochemical studies. The 
simple process produces particles comparable to convention- 
al membrane preparations with the added advantage of in- 
creased receptor density. MembranePro products are offered 
in two configurations, an expression kit with 10 reactions and 
a support kit available in 10, 60, or 600 reaction sizes. 
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HUMAN MIRNA EXPRESSION ASSAY KIT 

The Human microRNA (miRNA) Expression Assay Kit pro- 
vides a simple and precise way to profile the human miRNA 
transcriptome in a single tube. Users can perform highly 
multiplexed, direct digital detection, as well as counting of 
miRNAs at single-base resolution without the need for poly- 
merase chain reaction (PCR) amplification. The comprehen- 
sive and cost-effective assay enables users to profile more 
than 700 human and human-viral miRNAs with a specificity 
and sensitivity comparable to quantitative PCR. The assay 
kit contains all of the reagents and consumables required to 
conduct miRNA and gene expression experiments and can 
be combined with the easy-to-use, fully automated target 
profiling nCounter Analysis System. 

NanoString Technologies 

For info: 888-358-6266 | www.nanostring.com 


CHIP-CHIP KITS 

Magna ChIP? chromatin immunoprecipitation DNA microar 
ray (ChIP-chip) kits allow users to map entire gene regulatory 
networks and patterns of epigenetic marks using microarray 
technology. The kits provide reagents, microarrays, and vali- 
dated protocols for the entire ChIP-chip workflow, allowing 
users to examine protein-DNA interactions on a genome- 
wide scale. Two types of kits are available to accommodate 
different scientific approaches. The Magna ChIP? Promoter 
Microarray kits contain the necessary reagents for ChIP-chip 
and either human or mouse Agilent promoter microarrays. 
The Magna ChIP? Universal Microarray kits supply the nec- 
essary reagents for performing ChIP-chip with microarrays 
provided by the user. 

Millipore 

For info: 800-645-5476 | www.millipore.com/chip2chip 


COATED 96-WELL PLATES 

Well-Coated plates are ready-to-use coated plates that 
are suitable for colorimetric, chemiluminescence, and 
fluorescent detection systems. The plates are supplied pre- 
blocked in G-Biosciences Superior Blocking Buffer and are 
available as single 96-well plates or as 12 x 8-well strips in 
a 96-well holder in clear, white, or black polystyrene. Well- 
Coated plates are offered with the following coatings: 
protein A, protein G, protein A/G, protein L, goat anti-mouse 
antibody or goat anti-rabbit antibody for binding antibodies; 
neutravidin, streptavidin and biotin for biotin studies; nickel 
and glutathione for His or GST tagged recombinant protein 
binding; and activated plates for binding proteins and other 
molecules through amine or sulfhydryl residues. 
G-Biosciences 

For info: 314-991-6034 | www.GBiosciences.com 
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